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心筋細胞 を短時 間の 可逆性虚血 に予 め 曝すと, 長時間虚血 で 生 じる 心筋壊死
領域が著 しく縮小する (プ レ コ ン ディ シ ョ ニ ン グ)o こ の 現象は動物種を問わず
ヒ トにも存在 し, その 内因性心筋防御機転が急性 心筋梗塞の新 しい 治療法と し
て 注目 されて い る｡ プ レ コ ンディ シ ョ ニ ン グは , 様々 な因子が trig ge r, mediato r,
effe ｡t｡ r と して機能するこ と により成立すると考えられて い る ｡ 従来, 細胞膜
に ある ATP感受性 K
･(sarcKATP) チ ャ ネル が effe cto rと考えられ て い たo と こ ろ
が近年 , ミ ト コ ン ドリア 内膜 に ある ATP感受性 K
十(mitoKATP)チ ャ ネル が effe cto r
と して機能 して い る こ とを示唆する報告が相次 い で い る｡ しか しながら, mitoKATP
チャ ネル が如何 な る機序 で 心筋保護効果 をもたらす の か に つ い て は , 未だ十分
に解明されて い ない . よ っ て本研究 は , mitoKATPチ ャネル が虚血 によ る心筋細胞
死を抑制するメ カ ニ ズ ム をミ トコ ン ドリア Ca
2十過 負荷軽減とア ポ ト ー シ ス 抑制
の 両面 か ら明 らか にする こ とを目的と して行 なわれた｡
こ の 冊子 に示 した研究結果は我 々 の 仮説を支持するもの で あ っ たo すなわち,
mitoKATPチ ャ ネル をジア ゾキ シ ドに より活性化すると, ミ ト
コ ン ドリア 内膜電位
が脱分極す るた め Ca2
＋の driving fo r ce が減少 し, その 結果 , ミ ト コ ン ドリア
ca2
＋
過負荷が軽減 した｡ 我 々 は , 以前報告 した ニ コ ラ ン ジル の ほ かに もミノ キ シ
ジル が mitoKATPチ ャ ネル を活性化する こ とを明らか に し, 両薬物 ともに ･ ジア ゾ
キ シ ド同様ミ ト コ ン ドリア Ca2
･
過負荷を軽減する ことを見 出 した｡ ア ポ ト
ー シ ス
との 関連にお い て は , ジア ゾキ シ ドを予 め投与すると 日202 に より惹起され た心
筋細胞 ア ポ ト ー シ ス が軽減する こ とを見 出 したo こ の 結果は, mitoKATPチ ャ ネル
がア ポ ト ー シ ス 抑制 の trig ger と して 機能する こ とを示唆するもの で あるo
本研究で は Kir6. 1 と Kir6.･2欠損 マ ウス を用 い た実験 を行な い , mitoKATPチ ャ
ネル の 分子 構造 に つ い て検討を行な っ た o 両 マ ウス とも フ ラ ボプ ロ テイ ン自家
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蛍光で評価 した mitoEATPチ ャ ネル の 機能 が保持 されて お り , Kir6. 1 と Kir6. 2 が
mitoKATPチ ャ ネル の 構成分子 で は な い こ とが判 明 した ｡ したが っ て , Kir6. 1 と
Kir6. 2 欠損 マ ウス の 単離心室筋細胞 にお い て は , ジア ゾキ シ ドに より ミ トコ ン
ドリ ア Ca2
＋
過 負荷が軽減す る｡ と こ ろが興味深 い こ と に, Kir6. 2 欠損 マ ウ ス で
は プ レ コ ン デ ィ シ ョ ニ ン グによる梗塞サイ ズ縮小効果が消失 して い る こ とが明
らかとな Jjた. す なわち, マ ウ ス で は s ar cKATPチ ャネ ル が機能 しない と mitoKATP
チ ャ ネル の 活性化 の み で は心筋保護効果 が得られない こ とが 示唆 された ｡ マ ウ
ス で は 心拍数が多い ( 毎分約 600) ため , 虚血 時に活動電位持続時間が短縮 しな
い こ とが C
L
a
2十動態 に 大きな影響をもたらすた めと考えられ る ｡
プ レ コ ン ディ シ ョ ニ ン グが 姐u r ry ら (Cir culation, 1986) に より報告され て
以来 , 多く の 研究に よりその メ カ ニ ズ ム が 解明され つ つ ある ｡ 最近 で は , 大規
模臨床試験 (IONAstudy) にお い て , ニ コ ラ ン ジル に よる薬理学的プ レ コ ン デ
イ シ ョ ニ ン グが安定狭心症の 予後を改善する こ とが報告された｡ しか しなが ら,
プ レ コ ン ディ シ ョ ニ ン グの 臨床応用 には , 基礎 ある い は 臨床 面 か らの 更な る研
究 が必畢で ある ｡ 本研 究成果がプ レ コ ン デ ィ シ ョ ニ ン グの 機序解明と新 し い 心
筋保護薬開発 の 一 助となれば幸い で ある ｡
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A B S 耳陀風e 耳
ATP-s e n sitivepotas siu m cha nn elinthe mitochondrial in ner m e mbr an e(mitoKA T PCha n n el)
ratherthan thatinthe sarc olem ma(s arcKA T PCha n n el)is c o n side r edtoplay animporta ntrolein
cardiopr ote ctio n. W ethe r efo re e x amin edthe effe ct ofmin o xidil, apote nt antihype rte n siv e age nt
and hairgr owthstim ulato r, o nmitoKAT Pands ar cKA T PCha n n elsingul n ea-Plg V e ntric ular
myo cyte s. M in o xidil(ト1 00pM)re v e rsiblyin c re a s edthena v oprotein o xidatio n, anindex of
mitoK^ TP Chann ela ctivity,1 n a c o n c e ntratio n-depe nde nt m an n e r. The mitoKAT PCha n n elblo cker
5-hydr o xydec an o ate(50 0トLM)c o mpletelyabolishedthe o xidiz ng effe ct of min o xidil. TheE C50
ofmin o xidilw a s e stim atedtobe7.3トLM fo r mitoKATP Char m ela ctiv atio n;this v alu e w a s n otably
=30-foldlo w e rthanthatfo r s ar cKATPChannela ctiv atio n a ss e ss edby whole- c ellc u rr e nts,
Min o xidil(10pM)signific a ntlyatten u atedthe o u abin-indu c edin cre a s e ofmito cho ndrial Ca
2'
c o n c e ntr atio n
,
whichm e a s u r ed bylo adingc ells withrhod-2flu ore sc en ce. Co r on ary perfus ed
rightv e ntric ula r m uscleprepar atio n s stim ulated at3 Hz w ere s ubjectedto20min ofn o-flo w
is che miafollo w ed by60min ofreperfusio n. Pr etr e atme ntfor5 min with min o xidil(10トLM)
follow ed bya10- min w asho utperiod befo r e n o
-no wis che mia signific antlyimpr ovedthe
re co v ery of de v elopedte n sio nm e asu red a鮎r r epe rfu sio n. The s e c ardioprotective effe cts of
minoxidilw er e c o mpletely abolishedby5-hydr o xyde c an o ate･ W e c o n cludethat mino xidil
e x e rts adir e ctc ardiopr ote ctiv e effe cto nhe art m u scle c ells, a n effe ct m ediated bythe sele ctiv e
activ atio n ofmitoKA TPCha n n els.
Key w o rds:KA TPCha nnel, min o xidil, mito cho ndria,pre c o nditio nl ng
A b br e viatio n s:KA TP, A T P-se n sitiv e
.
potas siu m;[Ca
2'
]m , mitocho ndrial Ca
2＋
c o n c e ntr atio n;
D N P
,
2
,
4-dinitrophe n ol;5- H D,5
-hydr o xyde c an o ate;mitoKAT P, mito cho ndrial KAT P;S arCKAT P,
s arcole m m al KAT P
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且m電『⑳du c朗o 閃
Ca rdia c myo cyte sco ntain A TP-s e n sitivepota ssium (KA TP)cha n nelsinboths arc ole m m al
plas m a m ebr a n e(s ar cKA TP Chan n els) and in mito cho ndrialinn er m e mbra ne(mitoKA TP
cha n n els)Po m a, 1983;Gar1idetall , 1996;Liu etal. , 1998). Cardia c s ar cKAT PChann elsha v e
be e n mole c ula rlydefin ed a s an octa m eric c o mple xoffo urpo r e]o rmlngKir6.2 a ndfo urS U R2 A
I
sulfo nylur e a r ecepto rs(In agakietall, 19 96;Cle m e ntetal., 1997). Onthe otherha nd,the
m ole c ular clo n lng OfmitoKAT PC也a - el ha s n otyetbe e n a chieved, altho ughour re centstudie s
u singKir6･1- and Kir6･2-deficient mic e s ugge st thatn eithe r ofthes e s ubu nitsis aness e ntial
compo n e ntofthe c ardiac mitoKA T PChan n el in mic e(M ikiet all , 2002;Su zukietall 2002).
MitoKAT PCha r m elspo s s e s s adistin ctphaJ m a C Ologic alprofile, while sharings om e
pha rm a c ol gic alpr operties withs ar cKAT PChann els･ Notably'dia z o xide ope n s mitoKA T P
cha n n els >2 000-fold m or epote ntlythan s arcKA T PCh an n elsin cardiac myo cyte s(G arlidet al.,
1996)･ Co n siste nt viththis, Liu etal.(1998)de m o n stratedthatdia z o xide o xidize sthe
mito cho ndrialm atrix r edo xpote ntialvia ope nl ng OfmitoKATP Chan n elsin r abbitv e ntricular
c ells
,
where a s s arcKATPChan n els are r esitant todia zo xid;. zang et al.(2001)als .de m onst,ated
thatdiazo xidein cre as e sthe ope npr obabilityofmyo c ardialmitoKAT PChannels re c onstitutedin
lipid bilaye rs･ Usingdia z o xide a s apharm a c olgic alto ol, re c e ntstudie shave s ugge stedthat
mitoKATP Chann els r atherthan s urfac eKAT PCha nnels arein v olv ed in c ardioprote ctio n(Garlidet
all
,
1997;Liu et all ,1 9 8;Sato et all, 2 00 0a)･ Ho w eve r, diazoxide wa s r epo rtedtoirhibit
s u c cin atedehydr oge n a s e(Schafer etall , 1969)･ M o re r e c entlyH an1ey etal･(2002)repo rtedthat
diaz o xidei血ibits s u c cin ate o xidatio n a nds u cha KA T PC也a - el-independent actio n of diaz oxide
m aybe re spon siblefo rthe 血e chanis m ofc ardiopr ote ctio n･ Acco rdingly,1t w ouldbede sir ableto
lo okfor an other mitoKA T PChar m el-spe cific age nt･
Min o xidilis apote ntKAT PChalm elope n er a nd hasbe e nsho wn to a ct as ava s odilating agent
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(Campe s e, 1981;Lebla n c et all, 1989). Signific a ntside effe cts mightlimit the clinicalu s efuln e ss
ofthe KA TP Chan n elope n er as a n a ntihype rte n sive age nt, andhenc emin o xidilis u s ed for
tr e atm ent ofandr oge netic alope cia atpres e nt(DeVille z, 199 0). Haya shietal.(1993)reported
thatrelativ elyhighc o n centr atio n ofmin o xidilope n s s ar cKA TPCharm el ingui n e a-Plg Ve ntric ular
myo cyte s･ Fu rthe r m or e, minoxidilha sbe e n sho w ntoimprovethe c o ntr a ctilefu n ctio n a鮎r
is che mia-r eperfusio nindoghe arts(Y am a m oto etal. ,2002). Ho w e v e r,the effe cts ofmin o xidil
o n c ardia c mitoKA T PChar m elre m ain u n clear･ Inthepr e s e ntstudy, w ethe refore e xaminedthe
effe cts ofmin oxidilo nmitoKA T PChan n elsby m e asurl ngna V OPr Otein且u o resc en c einguln e a-Pig
v e ntric ular myo cytes･ The re s ultspre s e nted here sho wthat mino xidilco nfer s c ardiopr otectio n
thr o ughpr efe re ntiala ctiv atio n ofmitoKA T PChan n els.
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聞a忠e riaEs a md 聞e納 ods
Theinvestigatio n c o nfo r m stothe Guideforthe Careand us e ofLabo rato 7yAnimals
published bythe U S Natio n al In stitute s of Health(N IHpublic atio nNo. 85-23, r evis ed 1985).
Cell PT Cpa r atio n･ A dultguin e a-pigv e ntric ular myo cyte s w er eis olated byc ollage n as e
dige stio n, aspr e vio u slyde s cribed(Tobs e etal一 , 1992)I On c eis ola土ed,the cells w e re s u spended
l
in Dulbe c c o's modified Eagle
'
s m ediu m(D M E M)co ntaining1 O % fetalc alfs e ru m atr o o m
temper ature untilu s e･ The c ells u s ed inthepr ese ntexperim e ntsbada regular shape with cle a r
c ro ss-striatio n.
Fla v opr otein FlⅦo r es c e n c eM ea s tlr C m e nt･ Toinde x mitoKA TPCha mm ela ctivity, na v oprotein
fluムre s c e n c e w a s me a s u r ed bya m odific atio n ofm ethod de sc ribed bySato et al.(1998). B,ieny,
the c ells w er e s uperfus ed with baths olutio n co ntaining(m M):NaC1 143, K C1 5.4, CaCl21.8,
NaH2P O40･33, MgCl20･5, and H EP E S5(pH 7･4)atr o o mte mpe r atu re(=22oC). Fla v opr otein
flu o r e s c e n c e w a s e x cited at480r m(fo r200m s)andemitted at520n m . Atthe e nd ofe a ch
e xperim e nt, c ells w er eexpo s edtothe mito cho ndrial un c o upler2,4-dinitr ophe n ol(D N P,100
pM)to obtain m a xim al na v oprotein o xidatio n. Emitted 且u or es c e nc e w as m onit red witha
c o oledcharge c o upled device(C C D)digitalc am e r a(H am am ats uP hotonic s, H am am atsu,
Japan)A T heim agingof fla v opr otein w a s an alyz ed fo ra veragepix el inte n sitie s ofregions of
inter estdra wntoin cltlde whole c elland expre s s ed as aper c e ntage oftheD N P-indu ced m a xim al
oxidatio n
,
u sing an Aqu a c o s m o sim age-pr o c e s singsyste m(H am am ats uPhoto nic s).
M e mbr a n eCurr e ntM e as u r e m e nt･ Thepatch- cl ampte chniqu e s w ere u s edin whole- c ell
patchornystatin -pe rfor atedpatchco nfigur atio n aspr e vio u slyde s cri bed(Sak am oto et al. ,1 998).
Brieny, single v e ntricular c ells w e r e s uperfus ed with H E P E S-buffe r edTyr ode
'
s s olutio n
c o ntaining(in mM):NaC1 143, K C1 5･4, CaCl2I.8, NaH2P O40.33, MgC120.5, glu cose5.5, and
HEP E S 5(pH 7･4)at3 7
0c･ Fo rwhole- c ellpatchr e c ording,theinte rn alpipette s olution
Sato etal
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c o ntain ed(in m M)K - aspartate110, KC1 20, CaCl21.4, MgCl21, E G T A 10, H E P E S 5, K2- A TP
1
,pho spho c re atinin e1(pH 7.4). Fo r nystatin-pe rfo ratedpatchre c o rding,thepipette s olutio n
c ontain ed(in mM)K- a spa rtate11 0, K C1 20, CaCl21, MgCl21, E G T AO･1, HEP E S 5(pH 7･4),
and nystatin･ A sto cks olutio n ofnystatin wa s addedtothepipette s olutio nto afin al
c o n c e ntr atio n of 300pg/mlju stbefo reexperim e nts. Inboth whole-c ellandnystatin-pe rfor ated
patchre c o rdings,the m e mbr an epote ntialw a sheldat
一書O mV a nd depola riz edfirst to ＋50mV
andthe nhype rpolariz edto - 100mV witha slope oト60m V/s･ T his r amp
-puls epr oto colw as
r epe ated ev e ry5s･ T hequa si-ste adystate m e mbr a n e c urre nt w asplotted again st the m e mbran e
pote ntial du ringhyperpolarizingv oltage r amps･ T he c u rre ntsign als w e r efilter edat3 k Hz witha
digitalGa u s sia nflte r anddigitiz ed at2k Hzfordata an alysis withpCla mps o氏w ar e(Ax o n
In stru m e nts, Fo sterCity, C A). T he se e xperim e nts w e rep rfo rmed at3 6
oC･
【ca
2'
】m M e a s Ⅶr em cnt･ T heCa
2' nu o r opho r e rhod-2 w a s u s edto m e a s u re changes of
mito cho ndrialCa
2'
c o n c e ntr atio n([Ca
2＋
]m). Forrhod-2lo ading, c ells w e r eplated o n u n c oated
35m mFalc o n c ult redishe s witha m ediu mba s ed o n a1:1 mixture ofD M E M皿dH E P ES-
buffer edTyr ode
'
s s olutio n,s upple me ntedwith1O % fetalc alfs e ru m･ The n, c ells w e relo aded
with 10pM rhod-2 a c eto xymethylesterfo r12 0min at4
oC･ Afte r c old lo ading, c ells we re
in c ubated fo r3 0min at37oC. T histw o-step c old lo ading/wa n in c ubatio nproto c ola chie v e s
e x clu siv elo ading ofrhod-2 intothe mito chondria(Tr ollinge r etall ,2000)･ Cellslo aded with
rhod-2 w er epe rfu s ed witha H EP E S
-buffe red Tyrode
'
s s olutio n c o ntaln l ng2･7 m M CaCl2 at
37oC. R bod-2fluo r es c enc e w a s e x cited at540r m(fo r10 ms), withe missio n m o nitored
thr otlgh a605-n m(55- n mbandpa s)bar rierfilter･ T heim agingofrhod-2 w a s an alyzedfor
a v er agepi x elinte nsitie s ofr eg10 n S Ofinter e stdr a wntoin clude whole c ell,follo wingc o rre ctio n
fo rbackgr o u nd, using an Aqu ac o s&osim age-pr o c e s singsyste m(Ha m am ats uPhotonics)･
co rom a ry- perftRS Cd RightVe ntrictlla rMyo c a rdiⅦ m ･ Theis olatedc o r o n ary
-pe rfus ed
guin e a-pigrightve ntric ular 鮎 e w allw a sprepared a sde s c ribedpreviously(Sbige m atsu etall,
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1995)･ Inbrief,thepreparatio nw a s m ounted inths re c ording chamber andpinnedto theno o rof
the cha mbe r･ T he c or o n ary rtery w a spe rfus ed with,o xyge n ated Tyr ode
'
s s olutio n c o ntaining
(in mM)NaCl 136･7, NaH C O311･9, K C1 5･4, NaH2P O40･42, MgC120.5, CaCl21.8, a ndglu co se
11(pH 7･35- 7.40 when gassed with 97 % 02 and 3 % C O2). Theflo w r ate w as m aintain ed at1.0
±0･2 ml/min/g w et w eight usinga r olle rpu mp(M P-3;Tokyo Rikakikai, Tokyo,Japan). The
l
surfa c e oftheprepar atio n w as s uperfus ed withglu c o s e-fr e ehypo xic Tyr ode
'
s s olutio n(10
ml/ min)to minimiz edirect02di仇ISio nfro mthe s u rfa c e oftheprepar atio nsintothe m u s cles.
The c o mpo sitio n ofthehypo xic Tyr ode
'
s s olutio n wasthe s ame as abov e, e x c ept thatit
co ntained noglu c o s e and w a sgas s ed with 97 % Ni and 3 % CO2･ Thetempe r atur e s ofthe s e
s oldtio n s w er e m aintain ed at37 ±0･5oC･ T heba s alpo rtio n ofth
l
epr epa r atio n w a s stim ulated at
3 Hzthr o ughout the e xperim e nt andco ntr a ctilete n sio n w a s r e c orded u sl ng afor c etran sdu c e r
(T B-612 T;N iho nKohde n, Tokyo,Jap an)c o n n e ctedtothe apicale nd ofthepr epar atio n. R6sting
tensio n w as adju stedto obtainthe optim al de v elopedte n sion . T he c o ntr a ctilete n sio n w e r e
m o nitor ed o n a m ultibe a m o s cillo s c ope(V C-9 A;Niho nKohde n) andr e c orded o n a
m ulticharm el the rm al rr ayc order(W T-645 G;Niho nKohde n).
C hemic als･ M in o xidils ulfate w as akindgiR fro mTaishoPha r m a c e utic al(Omiya,Jap an).
Pina cidil
,
s odiu m5-hydr o xyde c a n oic acid(5- H D) ando u abain w er epu rcha s ed fro m Sigm a(St.
Lo uis
,
M O)･ R hod-2 a c eto xymethyle ster w aspu r cha s edfr o mM ole c ularProbe s(Euge ne, O R).
Nystatin and 2,4-dinitr ophe n ol(D N P)w e repur chas ed fro m W akoPureC he mic al(Os aka,
Japan)･ M in o xidils ulfate w a sdiss olv ed as a10 m M sto cks olutio nindim ethyls ulfo xide
(D M S O), andfin alc o n c entr atio n ofs olv e nt w as≦0.1 %. Pin acidilw a sdis s olved as5 0m M sto ck
s olutio nin O･1 N H Cl十 salin e･ A sto ck s olutio n ofnystatindiss olv ed in m etha n olat a
cohcentr atio n of 10mg/mlw aspr epared freshbefo re e a chexperim e nt. Ou abain, 5- H Dand D N P
w eredis s olv ed inthepe rfusate.
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Daせa Am a且ysis. Data a repres e nted a s m e an±S･E. M . , andthe n u mber ofc ells or e xperim e nts
is sho w n asn . Cu rv efits W er eP rfo r m ed withOrigin7Jso免war e(OriginLab, No rtha mpto n,
M A). Inter-gr o upc o mparis o n s are m adebyStude nt
'
st-te stfo rtw ogr o ups a ndbyA N O V A
follo w edbyFishe r
'
spo sthoete stfo rm ultiplegr o ups. A valu e ofp< 0･05w as r egarded as
slgnifica nt.
Sato etal. , Page9
Re su陀S
Efc ctof M in o xid姐on Fla v opr oせc畳皿 0Ⅹidatio n｡ Fig･ 1 sho w srepr ese ntativeim ages of
fla v opr otein flu or e s c e n c ei a c ellexpo s edto mino xidil･ Fla v opr oteinnu o
r esc e n c e w a slo w
under c o ntr olco ndit o n(Fig. 1 B)in agr e e m e nt withe arlie r repo rts(Ro m ashko etal･, 1998;Liu
etal. , 1998). Expo s ureto min o xidil(10pM)oxidized fla v opr otein a nd in cr e as edthe
l
nuo r es c e n c e(Fig. 1 C), which w a s r e v ersible on w a sho ut(Figl D)･ Subsequ e ntexpo s u r eto D N P
(100pM)ledto abruptincr e a s ein flav opr otein flu or esc e n c e(Fig･ 1 E)･ As su m m arizedin Fig･ 2,
min o xidil in c re as ed na v opr otein nuo r e s c e n c ein ac o nc e ntratio n
-depe nde nt m an ne r･ T he
estim ated EC50V alⅦefor min o xidil- ndu cedna v opr otein o xidatio n w a s7･3pM ･ T he s ele ctiv e
mitoKA T PChan n el blo cke r5-H D(500LLM)(Sato etal., 1998)virtualy abolishedthe min o xidiト
indu c ed凸a v oprotein o xidatio n･ T he s ere s ultsindic atethat mino xidilis an ope ner of mitoKAT P
cha m els.
E ffe ctofM in o xidilo nM e mbr a n eCtl r rCntS. Ne xt,tote st the effe ct of min o xidilon
s ar cKA TP Chan n el, m e mbr an e c u rre nt w a s r e c o rded withpatchclampte clm iqu es･ Fig･ 3 Asho w s
ther epre s e ntativ e c u rre nt tr a c esre c o rdedinthe whole
-c ellc o nflgu r atio n･ Whe n1 m M A T Pw a s
in cludedinthepipette s olutio n, cum ulativ e applic ation ofmino xidil(10-3 00pM)resultedin a
c onc entr ation-depe nde ntin c re as einthequ a si
-steadystate o utw ardc u rre nt･ The min o xidiト
indu c edo utw ardc u rr e nt w as c o mpletelyinhibitedbys ubs equ e ntapplic atio n of10pM
glibe n clamide(data n otsho wn),indic atingthat min o xidil is a n a ctiv ator ofs ar cKA T PCha m el･
Fig･ 3 Bilu str ate sthedo s e
-r e spon s e c u rv efo r min o xidil
-indu c edc u rre nts m e as ur ed at the
m e mbr an epote ntialof0m V･ The e stim atedE C50Valu efor min o xidil
-indu c ed o utw ardc u rr e nt
w a s211･8pM ,this v alu ew as n otably 疋3 0-foldhigherthanthatfor mitoKA TPCha nn elactiv atio n･
In a nystatin -perfor atedpatchc onflgu r atio n, a s sho wninthein s etof Fig･ 3 B, signific an
tc u rre nt
activatio n c o uldn otbedete ctede v e n athighc o n c e ntr atio n ofmin o xidil(3 00トLM)･ Contrary,
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pl n aCidilat a c on c e ntratio n of 100pM pr odu c ed
a r obu stin cr ea s ein o utw ardc urr e =t, s ugge sting
that min o xidilw as signific a ntlylesspote ntthan pln a Cidilin ac
tiv atingsa r cKAT PCha n n els･
E 肋ctof M im o x五d 姐o mM io c払omdria且C免
2＋ ov e軸 ad･ Pr e vious studyde m o n stratedthat the
ope ningofmitoKAT PCha n n elsbydia z o xide
紙ten u ate Sthe mito cho ndrial Ca
2十
o v erlo ad(Ishida
etal. ,20 01). W ethe r efo re e x a mined effe ct ofmin o xidilon mito cho ndria
lCa
2＋
o v erlo ad･ As
s u m m ariz ed inFig, 4,tr e atm e ntofmyo cyte s withou abain(1 m M)･e v oked mitocho ndrial Ca
2＋
ov erlo ada ndtheinte n sityofrhod-2flu oresc e n c e slgniflC antlyin c re
as ed fr o m27･6土 1 3a･u･ to
75.7土 8.5 a.u . aRer3 0min e xpo s u r eto o u abain わ< 0･001)･ Co- administr atio n ofmin o xidil(10
pM)signifl C antly pre v e ntedthe ou abain
-induc edin c re as ein rhod-2 flu or e s c e n c eto40･3 士3･O
a.u . 佃 <0･001v s･ ou abain alo n e)I The effe ct ofmin o xidilw as antago niz
ed by5 00pM 5
-HD
(73.9 士 11･Oa･u ･)I The s ere s ultsindicatethatope ning ofmitoKA TP
Chan n elsbymin o xidil
atte n u ate sthe o u abain -indu ced Ca
2＋
o v erlo adin mitocho ndria･
EfFe ctof 那:in o xidilo nCo ntra ctileFtln Ctio ndtl ringlsche mia 伽 p
e r触io n･ Tote st
whethe r min oxidilpr e c o nditio n sgu inea
-Pighearts andc o nfer s c ardiopr ote c
tio n, c o r o n ary
perfusedrightv e n&ic ularpr eparatio n s w er e subjectedto20
- min ofn o-no wis che miafollo wed
.by60
- min ofrepe rfusio n･ Table1s um m arize sth
e change sof de v elopedte n sio nbefo r e
is che mia. Althoughn otstatistic allyslgnific ant, de velopedte n
sio n w a s slightlydepr e s sed by
min o xidil(10pM), whilstslightele v atio n w as obs erv ed with 5
-HD(500pM)･ Fig･ 5
J
sho w sthe
tim e c o urses ofde v elopedten sio ndu ringis che mia/reperfusio n･ P
retre atme nt with 10pM
minoxidilpn o rtois che mia slgniflC a ntlyi
mpr o v edthe re c o v eryofc o ntr a cti
lityaRe r60min of
r eperfusio n, c o mpa r ed withc o ntr ols(64･0土 1･8% v s･ 34･8
士 4･1 %
,p < 0･01)･ Pretre atm e ntwith
5-H Dfullyabolishedthe c ardiopr ote ctive effe ct of
min o xidil(39･7土 0･5% ,p - N ･S v s･
co ntr ol). T he se r e s ults sugge st thatphar m a cologic alpr e c o nditio n
ingby mino xidilc o nfe rs
cardiopr otectio nvia a ctivatio n ofmitoKAT PCh
ann els･
Sato etal., Pagell
Disc u s s轟om
M itoKA TP Chann elactivity w asinde xed by m e a s uringflavopr otein nu ore s c enc e(Liu et all ,
1998). Itis s ofarthe o nly m ethodthatca nbe u s edto a s se s mitoKA T PCha n n ela ctivityininta ct
c ells. Hanleyetal.(20 2)ho w ever r epo rtedthat the mitoKA T PCha nnelope n erdiazo xide c o uld
n otin cr e a s efla v opr otein nu ore s c e n c ein guine a-pigve ntric ular myo cyte s･ T hes edisc r epan cie s
l
m aybedu etodiffer e nt experim e ntalc o ndit o n s･ T hey u s ed fr e shlyis olated myocyte s and
m eas ured丑av oproteinnu o r e sc e n c einthepr e s e n c e ofgluc o s e･ In o u r e xperim e nts,to stabilize
the mito cho ndrialr edox state,the c ells w e rekeptlna C ultu re m ediu m u ntilu s e. Redo x state of
theF A D/F A D H2islinkedtothatofmito cho ndrial N A D
'
伽 A D H(C han c e et al., 1972).
MitoKATPCha n n el-indu c ed flavopr otein o xidatio nisdete ctable o nlyifunc o mpe n sated by
in c r e a s edpr odu ctio n ofele ctr on do n o r(such asNA D H)･ Forthis re a s o n, w e u s edtheglu c o s e-
缶e e s olutio nfor m e a s u r e m e ntof fla v opr otein flu o r e s c e n c e. Under o u r e xpe rim e ntalc o ndit o n s,
di&o xide oxidiz ed fla v opr oteininguin e a-pigv e ntric ular myo cyte s(data n otsho wn). T he
pr es e ntstudyde m o n str atedthat min o xidilr eve rsiblyo xidiz edthena v opr oteinin a
c o n c e ntratibn-depe nやe nt m a m er(Figs. 1, 2). T he mitoKATP Cha nnel blo cke r5- H D, c o mpletely-
abolishedthe mino xidil-indu c edfla vopr otein o xidatio n. Sofar,the r eis no r epo rts ugge stingthat
min o xidil,like diaz o xide,inhibits s u c cin atedehydr oge n as e. Itisthe r efore re as o n ableto a ssum e
thatthe o xidativ e effe cts ofmin o xidilr ene ct the ope n ingOfmitoKA T PChan nels.
The e stim ated E C50Valu efo r mino xidil-indu c edflavoprotein oxidatio n w as7.3トLM . This
valu e w as n otably =3 0-fold lo w erthan thatfTo r s ar cKA TP Cha n n ela ctiv atio n as s e s s ed by whole
-
c ellre c o rdinginthepr es e n c e of1 m M K2- A T P(21 1･8pM), and whichisin agre em e nt withthe
previo u s repo rt(E C50
- 185pM, Hayashietil･ ,19 93)･ W he n s ar cKA TPC u rr entre cordings w e r e
perfor m ed withnystatininthepipette s olutio n(nystatin-pe rforatedpatch), min o xidile v oked
s m al o utw ardc urr e nts e v en atahighc o n c e ntr atio n(Fig. 3 B in s et). Thepe rforated-patch
Sato etal.
,
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te chniqu e allo w sthe e xcha nge ofm onovale ntc atio n s a nda nio n s,
while m aintaln lngintr a c ellular
m etabolitesintact(Mo m and Ma rty, 1988)･ Ou rr e s ultsthe refo reimplythat the a ctivityof
min oxidilto open s ar cKATP Chan n elsisdepe nde nt o ntheintr a c ellularA T Pc o n c e ntr a
tio n s･
Recently,diaz o xideha sbe e n sho w nto a ctiv ate s ar cKAT P
Chan n els whe nA D P is r ais ed(D
'hahan
et al. ,1999;Mats u oka etal. , 2000). A ltbo ugb itrem ain s u n cle ar wbetbe r min o xidilope n s
s ar cKAT PCha n nels m o r e r e adilyu nderpathophysiologlC alc o ndito n s, o u r re s
ult take ntogether
s ugge st that min o xidilpn m arilya ctiv ate s o n mitoKA TPr athe
rtha n s a rcKA T PChann elsinguln e a-
plgV entric ularcells･
ca
2＋
uptakeinto mito cho ndriaisdrive nprlm arilybythela rge n
egativ e ele ctric alpote ntialof
the m atrix(G unter andPfeiffer, 1990)･ Ther efo re, depola riz atio n ofmitocho ndrialm e mbr ane
pote ntialvia ope n l ng OfmitoKAT PCh an n els
redu c e sthedrivingfo rc efo rCa
2＋
innu x and, he n c e,
re s ultsintheprev e ntio n ofmitocho ndrialCa
2＋
o v e rlo ad･ In agr e e ment withthishypothe sis, w e
r epo rtedthatin r atc a rdiomyo cyte s ope ning ofmitoKA T PCh
an n elsbydia z o xide atte n u ated the
｡ u abain_indu c edmito cbo ndrial C㌔
＋
o v e rlo ad a nds u ch e飴ctas o ciated witb 伽 depola riz a土io n
ofmitocho ndrial m e mbr an epote ntial(Ishida etal･ , 2001)I Altho ughdia z o xide
Lw as repo rtedto
inhibits u c cin atedehydr oge n as e(Schafer et al･ ,1 969),the spe cific s u c cinatedehydr oge n ase
inhibito r malo n ate c o uldn otpre v e nt the o uabain
-indu c ed mito cho ndrial Ca
2＋
o v erlo ad(our
u npublisheddata)･ T her efor e, a mitoKAT PCh an nel
-indepe nde ntactio n c a nn ot ac c o u ntforth
efa ct
thatdia z o xide atten u ated mito cho ndrial Ca
2＋
o v erlo ad･ Inthepr e se ntstudy, u singthe s am e
e xperim e ntal de sign, w efou ndthat min oxidilc o uldpr e v e
nt the o u abain-indu c ed Ca
2＋
o v erlo ad
in mito cbo ndria(Fig. 4)･ T he c on c e出 血 o n ofmin o xidilu sed inthe se e xperim e山s(
1叫 M)w a s
clo s etotheE C50forna v opr otein o xidatio n･ The mitoKATP Cha n
n elblo cke r5-H Dc o mpletely
abolishedthe effe cts ofmin o xidil. M ore o v er, thedegre e ofpr ote ctio n c o nfe rred by
min o xidil
w as c o mpar abletQthatsee n with dia z o xide(data n otshow n)･ Therefo re,it willbe appr op
riateto
conside rthatc ardiopr ote ctiv e effe cts of minoxidilare m edia
ted bythe ope ningOfmitoKA TP
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cha n nels.
KATP ChaJm elope n e rs mimicthe e ndog
e no u s c ardiopr ote ctiv e m ech anis mkn o wn a s
'is che mic
prec o nditio nl ng
,
,
aPar ado xicalpheno m e n o nwher ebyletha
l inju rytOthehe artc a nbe
dr a m atic allyblunted bybriefc o nditio n
ingperiods ofis che mia(Mu rryetal･, 1986;0
'Ro u rke,
2000). Altho ughthe mitoKAT PChan n el w asinitially pr op
o s edtobethe end- effe cto rofis che mic
I
pre c o nditio ning(Liu etall , 1998),thetrigge ringa ction ofmi
toKATP Chan n elsha s als obe e n
pr opo s ed(Pain etall, 2000)･Inthepre se ntstudy, w efo undthatbr
iefe xpo s u r eto min o xidilprior
toische miaimpr ov edthe r e c ov ery of de velopedte n sio n
alter r eperfu sio n, a n effe ct which w a s
blocked by5-H D(Fig･ 5)･ Sin c e5-= Dw asappliedo nlybefor eis che mi
abutn otafterthe o n s et
ofinde xische mia, our re s ultspr o videthe e videnc ethatope nl ngO
fmitoKAT PChan n elsby
mino xidila cta satrigge r ofcardiopr ote ction･ Re a ctive o xy ge n spe cie s(R OS)gen er ated by
open ing OfmitoKA T PChar m elsistho ught tobe a
trlgger Ofsignaling pathw ays m ediati
ng
is che micpre c o nditio ning(Da s et all ,1 99;Painetal･ , 2000;Forbe s et all, 2001)
･ Sofa s
,
thereis
n oe vide n c e s ugge sting min o xidilislinkedtoR O Spr odu
ctio n･ Fu rther studyis n e ededtodefl n e
the m e chanis mby which min o xidils et thehe a rtinto the･pr e c o nditio n edstat
e･
In c o n clu sio n, o u rpr es e ntr e s ultsde m onstr atethat min o xidilpn m ar
ilya ctiv ate smitoKATP
cha m elsin c a rdia cc ell,ther ebyatte nuating mito cho ndrial Ca
2＋
o v e rlo ad and impr o vlng
c o ntr actile r e c o v e ry a触ris chemia/r eperfusio n･ A pha - a c ol
ogic alpr ofile ofmin o xidilis
simila,to thatofdia z o xide and nic o r andil(Liu etal一, 1998;Sato et all, 2000b)･ Altho ugh
diaz o xideha sbe e nwidelyu s ed aspha - ac ologic alto olsfor elu cidat
ingthe fun ction alr ole of
mitoKA T PChan n elsinische mic c ardiopr ote ctio n,theinterpr etati
o nis n otstr aightfor w ardas
dia z o xide m ay als oinhibits u c cin atedehydr oge n a s e(Sch afe r et al･ , 1969;H anleyet
all
,
2002)I
Ho wev er, a sde s cribedabove,thequ e stio n r e m ain s astoho w m
itoKA T PCha -el-indepe nde nt
actio n mightpr ote ct myo cytes again stis che micd am age･ Futu r e studies u sing min o
xidilw o uld
bring m o r ede丘nitiv e a n s w e rs･
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野転gu 『eRd ℡ge 悶ds
折畳g･ 且｡ Im aglng Of na v oprotein 凸tLOre S Ce n Ceinguine a-Pig Ventricular myocyte. P an el Asho w s a
tra n s mitted im age･ A pse udocolorpalette w as appliedto vis ualiz erelativ ein creas ein
flav opr otein oxidation,toyield im age s ofcellatc ontrol(B), a鮎 r7 min expo su reto1 0LiM
min o xidil(C), w ashingo ut of mino xidil(D), a nd aRer2 min e xposur eto100pM D N P(E).
1
F孟g｡ 2｡ Su mm arized do s e- re spo n s edatafo r min o xidiトindu ced navoprotein oxidatio n. Values are
e xpres seda spercentr elativetotho s e obtain ed with DN P･ All data arepr e se nteda sm e a n土
S･E･ M , withn u mbe rs ofc ellsgl Ve nin pa renthe ses.
鞄 3｡ E ffe cts ofminoxidilo nthe s ar cKATP Cha nn els･ A, repre se ntative cn rrent- voltage
relationships r e c o rded u nderwhole-cellpatchcla mp･ Each con ce ntr atio n of mino xidilw as
applied for5 min･ B, Do s e-re spo n se c u rv efo rmin o xidil-indu ced s a rcKA T PChann els cu r ents.
In sets u m m ariz ed thedata obtained fro m nystatin-perfo r atedpatchr e c ording･ The cu rrent tr ace s
obtained in ea ch drug c o n c e ntratio n we re subtr a cted丘o mthe c ontrolc u rr e nt tr a clng･ T he
amplitude of min oxidiトo rpln a Cidiトs e n sitiv e c u rrent at0 mV w a s n o m aliz edtothe c ell
c apa citan ce ofe ach c ell･ A ll data resented as mea n土 S･E･ M
,
with n u mbers ofcellsglVenin
parenthe s es.
Fig･ 4･ Su mm ariz ed datafo rthetim e c o urses ofchange sin rhod-2 flu ore s ce n c e･ Ea chpoint
indicate sthe m e an 士 S･E･ M ･ *p < 0･001vs･ ba s elin e;#p <0･001vs･ ouabain;常p < 0.001vs.
ouabain ＋ mino xidil.
耶g･ 5･ Tim ec o u rs e s ofcha nge sinde v elopedte n sio ndu ring20min n o-no wis che mia and 60
min r eperfusio n･ Lin e sindic ateperiods whe nprepar atio n s w e r e e xpo s edto min oxidil(10pM),
5 HD(5 00pM)andn o- no wis che mia. Ea chpointindic ate sthe m ea n士 S.E. M f.r4 ｡r5
prepar atio n s a nd is e xpre s s ed as aperc e ntage oftbepr e-is cbemic value.
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Abs食T aCせ
We studied mic e with ho m o zygo u skn o ckout(K O)ofthe Kir6.2 orKir6.1ge n e, which
e n c ode sthepo re-fo r mings ubu nit of A T P-s e n sitiveK
'
(KAT P)cha n n el. Co n siste nt with
previousfindings,the mito cho ndrial KAT P(mitoKAT P)chan n elope n e rdia z o xide o xidizedthe
l
navoprotein, aninde x ofmitoKAT PCh annela ctivity,inbothKir6.2 K Oa nd Kir6.1 K Om ouse
v entric ular c ells, andthedegree ofo xidation w as c o mpa r abletothatobs e rv ed in wild-type
(W T)c ells. In W Tc ells,dia z o xide signifi c antlyatte n u atedthe
l
o u abain -indu c ed inc reas e of
mito cho nd rial Ca2
＋
c o n c e ntratio n, which m e as u redbylo adingc ells withrhod-2nu oresc en c e.
M o reo v e r
,
dia zoxide slgniflC a ntlys uppr e s s edthe c ell de athwithhype rc o ntr a ctu r edu ring
e xpo sur eto o u abin･ T hisdia z o xide-indu c edc ardiopr ote ction wa s similarlya chievedinboth
Kir6･2 K Oand Kir6.1 K Oc ells. T hu s
,
altho ughK ir6.2 KO m o u s ehe artsin viv oha v ebe e n
r eportedtola ck c ardiopr ote ctio nbyis che micpre c o ndit on lng,this studysho w sthata ctiv atio n
ofmitoKA TPCha - elsbydia z o xide s u c c e s sfu lly pr ote ctsthequie s c e ntc ardio myo cyte sfr o m
mito cho ndrial Ca
2'
o v erlo adinboth Kir6.1 K Oand Kir6.2K Omic e.
Key w o rds :mito cho nd ria, c alci um , A T P-s ensitiv eK
'
cha 皿 el
,
ca rdiopr ote ction
Sato etal.
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丑弧食m戚弧 Cせ畳o 弧
T heinw a rdlyre ctifyingK
'
ch ann els ubunits, Kir6･2 andK ir6･1fo r mthepor e s of
A TP-s e n sitiv eK
'
(KA,P)cha n n els.
1
KATP Ch an n els ofc ardiac myo cyte s ar epres ent o nthe
s arc ole m m a(s a rcKA TPChan n el)andmitocho ndria(mitoKATPChar m el)･
2
,3 sar cKATPCha n n els
ha v ebeen m ole c ularlydefin ed as a n o cta m e ric c o mple x of fo u rpore
-fo mingKir6･2 a nd fo u r
su R 2 As ulfo nylu re are c epto rs,
1
whilethe m olecularide ntityofmitoKATP Cha 皿 elsr e m ain s
elu siv e. Pha rm acologlC alstudie swith mitoKATPOr S ar CKATPChan n el
-s ele ctiv e age ntspr o vide
evide n c ethat mitoKAT Pr atherthan sa rcKATP Chan n elsfe aturepromin e ntlyinthe m e chanis m of
IP C.4 Ho w e v er,itha sbe e n r epo rted that the s ar cKATPCh ann eldis rupted(Kir6･2-deficie nt)
m ou s ehe artsin viv ola cktheinfa r ctsize-limitingeffe ctofIPC･
5Thes e c o nfusingdata c anbe
r e c on ciled byre c o?nizingthat the r apid he artrate ofthe m o u s
e m ay m agnifythe relativ e
importan c e ofs ar cKAT PCha n n els･ Ifthis wasthe c as e,itis ofinte
r e st toflnd thatope ning Of
mitoKATP Cha n n elspr ote ctsthequie s c e ntc ardio myo cyte s of Kir6･2
-derl Cie nt mic e･
Alte rn atively, Kir6･1 is critic alin regulation ofvas c ula rto n u s an
d itsdis rupt1 0 n may C a u se
prin z m etal angin a,
6but an e s se ntialr ole of Kir6･1 in c ardio myocytes re m ain s unclear･
Ac c o rdingly, u s lng mic e withho m o zygo u skn ocko utofthe
K ir6･2 and Kir6･1ge n e,
6,7
w e
as s e ss edthe a ctivityofmitoKA TP Channelbym e as uringna v opr otein o xidation and further
dete r min ed whether ope nl ng OfmitoKA TPChann els atte n u at
e stheCa2
＋
overload in
mito cbo ndda.
Sato etal., Page4
M aせe 訂豆a且s a 取成】覗eせ甑o戚s
Ce且且Pr epa r aiio m
Tr an sge nic mic e with ho m o zygouskn o cko ut oftheKir6･2(Kir6･2 K O)or Kir6･1(Kir6･1 K O)
gen e w er eg n e r ated aspr e vio u slyde s cdbed by M ikiet al･
6,7 c 5 7B L/6 mic e w er e u s eda s
wild-type(W T)co ntrol. Single v e ntric ula r myo cyte sw e reis olated byc o nve ntionale n zym atic
dige stio n･
5
Flav opr o舌ein Oxidatio nM e a s u r e m e nせ
Fla v opr otein o xidatio n w a s m e as ur edtoinde x mitoKJm Cha r m elactivityaspr e vio u sly
de s cribed.8 B riefly,the c ells w er e s uperfus ed with Tyr ode
'
s s olutio n c o ntaining(m m ol/L):
NaCl 140
,
K C15.4
,
CaCl2l.8, NaH2P O40.33, MgCl20.5, andH EP E S 5(pH 7.4)atr o o m
te mper atu r e(彩22
oC). Fla v opr otein a utof山o r e s c e n c ew a s e x citedat4 80n m(fo r200m s e v ery
6s)ande mitted at52 0n m. Relativ eflu o r e s c e n c e w as c alibr ated withsignals re c orded a洗er
applic atio n of2,4-dinitr ophe n ol(D N P,100トLm Ol凡).
【ca
2＋
】m M.ea su re m e nt
T he mito cho nd ri al Ca2
＋
c o n c e ntr atio n(【Ca
2']m)w a s m e a s u r edbylo adingc ells withthe Ca
2'
flu o ropho r e rhod-2 aspr e viouslydes cri bed･
9 To a chie v e e x clu siv eloadingofrhod-2 into the
mito cho n血ia
,
cells w ereloaded wi血l0トLm Ol凡 rbod-2a c eto xym etbyleste r(Mole cular
pr obe s)for120 min at4oC andthe nin c ubatedfor3 0min at37oCinthe c ulture m edium .
10
Myo cyte slo aded with rhod-2 w er eperfus ed withTyr ode
'
s s olutio n(3 7
o
C)c o ntaining
(m m ol 瓜):NaCl 1140, K C1 5.4, CaC122.7, NaH2P O40.33, MgC120.5, H E P E S 5andgluc o s e
5.5(pH 7.4). Rbod-2flu o r e s c e n c e w as e x cited at54 0n m, withe mis sio n m o nitoredthr o ugha
Sato etal., Page5
605- nm(55- n mbandpa s s)barrie rfilte r.
丑m agc PT O C e SS 且喝 汲md Daぬ Am alysis
●
Theim agl ng Of navoprotein andrhod-2nu o r e s c e n c e w as c arriedoutbyu sl ng a nAqu a c o s m o s
im age-pr o c e s singsyste m equipped withco oledC C D digitalc am e ra(H am amats uPhoto nic s)･
Data a rexpre s s edas m e an土 S E M･ Statisticalanalysis w aspe rfo r m edu si ngA N OV A
combin ed with Fishe rpo stho ete st･ A value of P<0･05w a s r egardedas slgnific a nt･
Sato etal. , Page6
汲e s 覗且is
Initialexperim e nts w er ep rfor m edto ve rifythatdiazo xide a ctiv atesthe mitoKATPCha n n els of
m o use ve ntricular c elsby m e as ur 1 ng凸a v opr oteinnu o r es c e n c, anindic ato r ofmitoKAT P
chan n elactivity･ Dia z o xide(I00トI m Ol凡)re v ersiblyin c re a s edthena v opr otein o xidatio nto
41士7 %ofthe'D N Pv alu ein W Tc ells. M oreo v er, o Xidativ e effe ct ofdia zo xide w a s obs e rv ed
inboth Kir6･2 K Oc ells(40土5 %)and Kir6･1 K Oc ells(44土5 %), andthedegr ee ofo xidatio n
w as c o mpar abletothatobse rv ed in WTc ells･ The mitoKAT Pblo cker5-hydr o xydec a n o ate
(5 H D,500pm ol瓜)virtu allyabolishedthe oxidative effe ctofdia zo xidein al gr o ups(Figu r e
1)･ The s e r e s ultsindic atethatdia z o xidedo e s a ctiv atethe mitoKAT PCh an n elsinbothKir6.1
K Oand Kir6.2K Om o u s ehe arts.
Wethen e x amin ed whetherdia z o xidepr e v e ntsthe mito cho nd rialCa
2＋
overlo adby
m e as uringrhod-2且u o re s c e n c e･ As sho wninFigu re2 A, e xpo singc ellsto o u abain(1 m m ol 凡)
evokedthe ele v atio n ofmito cho ndrialCa
2'
c o n c e nfr atio n([Ca
2'
]m), andtheinte n sityof
rhod-2 flu or e s c e n c e a洗e r30minute sin c r e as edto246j=26 %ofba s elin ein W Tc ells.
Dia z o xide(100pm ol/L)signiflC antlyatten uatedthe ele v atio n of[Ca
2＋
]m duringe xpo sur eto
o uabain(170土9 %,P<0･05v e rs u s o u abain), andthe effe ct w as antago niz ed by500岬1 01 凡
5 H D(240j=25 %)I Flu or e s c e n c e change s withsimilartim e c o u r se w er e e vide ntin K ir6.2 K O
c els(Figu re2B)･ Ou abainin c re a s edthe[Ca
2'
]m to245土30 %ofba s elin e, and diazoxide
signiflC antlybluntedthe ele v atio n of[Ca
2'
]m(I55土11 %, P<0.05). 5 H Dabolishedthe effe cts
ofdiaz o xide･ Fu地 e - o re
,
a s sho w ninFigu re2 C, dia z oxide similarly a仕e n u atedthe
o u abain-indu c edincr e a s e of[Ca
2＋
]min K ir6.1 K Oc ellsfro m2 61j=20 %to161j=8 %.f baselin e
(P<0･05), which w as aginblo cked by5 H D(250士29 %).
The rhod-2fluore s c e n c einte n sityduringapplic atio n ofo u abain c o ntinuedto ris e and
Sato etal., Page7
o洗e n c ulminatedin c ell hyper contra cture. Inthe s epar ate e xperim e nts, w ether efo re m e a s u r ed
thefr a ctio n ofhype rc ontr a ctedc ells30 min ute s a鮎r e xpo s u reto o u abin(1 m m olrL). As
s u m m arized inFigu r e3, dia z o xide(10トL m Ol/L)signific a ntlyr edu c edtheper c e ntage ofc ells
that w e ntintohype r c o ntr actur efro m39j=2%to17j=2 %(P<0.001)in W Tc ells. Similar effect
ofdia z o xide w a s obs e rv edinboth Kir6.2 K Oc ells(41土3% v e rs u s20土2%, P<0･001)and
Kir6.1 KOc ells(40土3 %v ers u s20土3 %,P<0.001). The s e c a rdiopr ote ctiv e effe cts of dia z o xide
w e re abolishedby5 H D(500トLm Ol/L).
Sato etal.
,
Page8
D isc Ⅶ sS豆o m
Re c e ntstudie s u si ng mic e withatargeted deletio n ofthe Kir6.2 o rKir6.1pr o videthe evide n c e
thatKir6.2for m sthepore r eg10 n Ofc a rdia c s a rcKATPChan n els whe r e a sK ir6;1is a c o n stitu e nt
ofthe v a sc ular s m o oth- m u scle s a rcKA TPChaJ m els･
6,IIprevio u s studie s u si ngKir6･2 KO and
Kir6.1 K Omi占e further s ugge stedthatn eithe rKir6.2 n o rK ir6.1 is an e s s entialc o mpo n e nt of
the c ardia c mitoKAT PCha m el in mic e.
5,6 wehere v e rifledthatdiazo xidedoesinduc e
navopr otein o xidatio n similarlyin the myo cyte sis olated from W T, Kir6.2 KO and Kir6.1 KO
mic e. The r efor e, mitoKAT PCha n n elfun ctio n w a spr e s e rv ed inboth Kir6.1 KO andKir6.2 K O
m o u s eve ntric ular myo cyte s.
Pha rm a c ologic ale vide n c eha simplic atedmitoKAT Pr athe rthan s ar cKATPChan n els as a
key ele m e nt ofc ardiopr ote ctio n. Inde ed, the s ar cKAT PCha m el blo ckerH M R 1098 do e s n ot
abolishthe c a rdiopr ote ctiv e effe cts ofIP C in r at, r abbit and hum anhe a rts･
4
,12Ho w e v e r
,
de spite
thepr e s e rv atio n of fun ctio n al mitoKATPChaJ m els, Su z ukietal
5
repo rtedthatKir6･2 K Om o u s e
heartsla cktheinfar ctsiz e-limitingeffects ofIP C. Suchstudyin viv odiv o r c e sthe mitoKATP
cha m el 血) m c ardiopr ote ctio n,but the c o nflictingobs ervatio nhasbe e n as cri bedtothe r apid
he a rtr ate of the m o u s e. To r es olvethedis c repan cybetw e en pha rm a c ologic aland m olec ular
studie s,pr e s e ntstudy w a sperfo r m ed byu sing quie s centv e ntric ula r myo cyte sis olated fro m
Kir6･2 KO and Kir6･1 K Omic e･ Ishida eta1
9
re c e ntlyr epo rtedthatin r atv e ntric ula r myo cyte s
the opemingofmitoKATPChan n elsdepolariz edthe mito cho nd rialm e mbr an epote ntial(A Vm)
and atte n u atedthe mito cho ndrial Ca
2＋
o v erlo ade xperim e ntallye v okedbyo u abain･ Altho ugh
theA Vm w a s n ot m e a s u r ed, w e appliedthis appr o a chto m o u s eh arts. As mighthavebe e n
e xpe cted, a ctiv atio n ofmitoKATPChann elbydia z o xidepr otectsthequies c e ntc ardio myo cyte s
ofKir6.2 K O. M o r e o v e r
,
w efo u ndthatn either s a rcK ∬p n o r mitoKA TP Cha 皿 elfun ctio n w a s
Sato et al. , Page9
dis r upted in Kir6.1 K Om o u s e v e ntricular c ells, andhe n c edia z o xide c o uldconferthe
c ardiopr ote ctio n. Fu rthe r studie s ar ene c e s s a ryto clarifythe r oles ofKir6. トcontaining
cha n n elsin c a rdio myo cyte s.
M ito cbo ndrial Ca
2＋
uptaketbr o ugb a u nipo rte risdepe nde nto nthe electr o chemic al
gradie ntofCa
2＋
･ Ele v atio n ofcyto s olicCa
2＋
c o n c e ntr atio n o c c ur sduringis che mia, and it
e v e ntu allyr e s ultsin mito cho ndrial Ca
2＋
a c c u m ulatio n･1 3Thedepolariz atio n of mito cho ndria
byope n ing OfmitoKAT PCha n nels r edu c e sthedrivingfo rc efo rCa
2＋innu x and
,
he n c e
,
r e s ults
intheprev entio nofmito cho ndrial Ca
2＋
o v e rlo ad･9 onthe otherha nd
,
a ctio npote ntial
sho rte ningdu eto a ctivatio nofsar cK. ∬p cha n n elsis e xpe ctedtoblu nt theintr a c elularC㌔
＋
o v e rlo ad･
I
w ithr apid he artr atein Kir6･2 K Omic e,itispo stulatedthat the c o mpletela ck of
actio npote ntialsbo rte n l ng allo w stheintr a c ellularCa
2十
o v erlo ading･ Co n sequ e ntly' m a s siv e
ca
2'
innu xthr o ughu niporte r mightoc cu rbeyondthe abilityofmitoKATPChan n elstohandle
the[Ca2
'
]m , s othatIPC c o uldn ot c o nfe r c ardiopr ote ctio nin Kir6.2 K Omic ein viv o. Co ntr ary,
s u chdelete rio us e v e nts sho uldbe atte n u ated inqui e s c e ntC els, andther ebyope n ingOf
mitoKjm Cham els c o nfe rs c ardiopr ote ctio n･ Thu s,the fun ctio nalefe cts ofs ar cKAT PCham els
mightbe e x agge r ated in miceha ving ahigh he artr ate r elativ etola rge r m am m als･ Inkeepi ng
withthis, w epr o vide e vide n c ethat the fun ctio n al impo rtan c e ofmitoKATP Ch an n elsin
cardiopr ote ctio n mightbe ofu niv ers alv alidity･
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町長gu r e温喝e n舶
FigⅦr e且･ The effe cts of dia z o xide o n丑a v opr otein(F P)nuor e s c e n c e ofr epr e s e ntativ e c ells
is olated fro m W T(A),Kir6･2 K O(B)a ndKir6･1K O(C)mic e. Barsindic ateperiods when
c ells w e re e xpo sedtodiazo xide(D IA Z,1 00pm ol/L)and D N P(100トLm Ol/L). D, Su m m ariz ed
dataforper c ehtage of dia z o xide-indu c ed na v opr otein o xidation(solidbars)and m e a s u r ed in
thepresence of500トL m Ol/L 5 H D(shaded ba rs)･ N umbers ofc ellstested aregiv e nin
par enthe s e s.
Figu r e2･ Su m m ariz ed datafo rthetim e c o u rs e s ofchange sin R hod-2nu o r e s c en in W T(A),
Kir6･2 K O(B)and Kir6･1K O(C)mic e v e ntric ular c ells. In ea chpan el,[Ca
2'
]m ele v atio n s
indu c ed bye xpo s u r eto o u abin(O U A B,1 m m ol 凡)w a ssignific antlyatte n u atedbydiaz o xide
(100pm ol凡, ＋D IA Z)･ M o r e o v er,the effe ct ofdiazo xide w as ant gonized by
5-hydr o xyde c an o ate(500pm ol凡 , ＋D IA Z＋5 H D). *P<0.01ve rs u sbas elin e;#P<0.05v ers u s
O U A B;1P<0.05 ve rs u s＋D IA Z.
Figure3･ Su m m ariz ed datafo rper c e ntage of hypercontra ctedc ells after30min e xpo s ur eto
o u abain･ O U A B indic ate o u abin(1 m m ol 凡)-tr e atedgr o up;＋DIA Z, o u abainplu sdia z o xide
(1 00pm ol凡)-tre atedgr o up;＋D IA Z＋5 H D, o u abainplu sdia z oxideplus5 H D(500
pm ol瓜)-tr e atedgr o up･ Nu mbers ofe xperim e nts ar egiv e ninpar e nthe s e s. *P<0.001v e rs u s
OU A B;#P<0.001v er s u s＋D IA Z.
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風防S 常陀A6 耳
T heIO NA(Impa ct of N icor a ndil in Angin a)studyde m o n str atedthat the a nti- a ngin aldrug
nic o r andil･signific a ntlyredu cedc ardiov a sc ula r e v e ntsinpatie nts withchr o nic stable a ngl n a
･
su ch clinic al be n efltmightbe elicited bya ctiv atio n ofmito cho ndrial A TP
-s e n sitiv eK
＋
(mitoKA T P)cha n n els, but the m e cha nis ms u nde rlyingits c a rdiopr ote ctio nha v e re m ain edelu siv e･
wether efore e x a minedwhethe r nic o r andil depolariz e sthe mito cho ndrialm e mbr anepote ntial
(A Vm)a nd atte n u ate sthe mito cho ndrial Ca
2'
ove rlo adinr at v e ntric ular c els･ Withthe u s e ofa
Nipkow c o nfo c alsyste m,the mito chondrial Ca
2＋
c o n c e ntr atio n([Ca
2＋
]m)andA Vmin r at
ve ntric ular myo cyte s w er m e a suredbylo adingcells withrhod
-2 a nd JC-1, r e spe ctiv ely･ The
nu mbe r of hype rc o ntr actu r ed c ells c a u s ed bymito cho ndrial Ca
2＋
o v e rlo ad w a s c o u nted･
Expo singc ellstothe Na
･
rK
＋
- A TPas einhibito r ou abain(1m M)e v oked mito cho ndrial Ca
2＋
o v erlo ad a ndin c rea s edtheinte n sityofrhod-2nu o r e s c e n c eto180±15% ofbas elin e(p<0･001)･
N ic o r andil(10 pM)signiflC antlyatte n u atedthe o u abain-indu cedmito cho ndrialCa
2＋
o ve rlo ad
(129±15 %ofba selin e; p<0･001v s･ ou abain)･ Nic or a ndil depolarizedtheA Vm du ringapplic atio n
ofo u abain,ther ebyredu cingtheinte n sityofJ C
-1nu ore s c e n c eto89±2 %ofbaselin e(p<0･05)･
Expo s ur eofmyo cyte sto o血bain e v e山u a1yc a u s edcellbype rc o ntr actu r e(51±2 %)･ T his
. u abain-indu cedc ellde athw a sblunted by applic atio n ofnic o r a ndil(37j=2 %,p<0･05vs･ o u abain
alon e). The s e cytopr ote ctiv e effe cts ofnic o r andilw e r e abolished by5
-hydr o xyde c an o ate(500
pM), a mitoKATPCha r m el blo cker･ In c onclu sio n, a ctiv atio n ofmitoKATP Chan n elsby nic o r andil
atte n u ate sthe Ca
2'
o v e rlo ad in mito cho ndria, aphe n o me non a ss6ciated withthedepolariz atio n
of A Vm . Such cytopr ote ctiv e effe cts ofnic orandilmightpote ntiallybe attri butedtothe
m e cha nis m ofpba - a c ologic alpr e c o nditio n l ngS ee nin 也eIO N Astudy･
監eyw o rds:Calciu m , K- A TPchan n el, M ito cho ndria, Myo cyte s,pr e c o nditio n
ing
A bbr e viat孟oms:5 H D,5-hydr o xyde c an o ate;IP C,is che micpre co nditio n l ng; mitoKA T P,
mito cho ndrialKA TP;△V m , mitochondrialm e mbranepotential;[Ca
2十
]m , mito chondrial Ca
2'
c o n ce ntratio n;S N AP,S-nitr o s o
-N- ac etyl- D L-pe nicillamin e;N O, nitric o xide
Ishida et al.
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魯m亀『⑳duc忠義om
Briefepis ode s oftr a n sie ntis cbe mia c a ndev elopthetole r a n c e ofmyo c ardiu m tois cbe mia a nd
pr ote ct thehe artfr o m s ubs equ e ntleth al ische micdam age(Mu rryet al. ,1 986). Altho ughthis
phe n o m e n o n, c alled is che micpre c o nditio ning(IP C), w a sorigin allyde s c ribed in an a nim al
m odel
, sever alclinic als c e n ario s s uppo rt the c o n c ept thatIP Co c c u r sinhu m a nhe arts(Cohe n
J
and Do wn ey,1 993;Yello n et al., 1993;Klo n e r and Yelo n, 1994). Witho utepis ode s of
c o nditionlngis cbe m la, myOCardiu m c a nbepre c onditio n ed by pha m a c ologlC alinteⅣ e ntio nthat
stim ulatesthe signaltr an sdu ction c as c ade ofIP C(Naka o et al. , 2000). The refore, de v elopingthe
IP Cmim etic age nts mightbe an attr a ctiv ether ape utic str ategy･ Altho ughs u ch age nts a vailable
tothe clinic alre alm arelimitedtodate,the a nti- a ngl n alage ntnic o r andil hasbe e nde m o n strated
to mimicIP Cinbothe xpe rim e ntal and clinic alstudie s(M iz umura etal. , 1995;Saito etal.,
1995;Im aga w a etall , 1998;Kobaya shietal., 1998;Ito etal. , 1999). Furtherm o r e,theIO N A
(Impa ctof Nic or andilin Angin a), a r ando miz ed andpla c ebo- c ontroledstudy, ha s r eportedthe
ben efit ofpha rm a c ologicalpre c o nditio n l ng, ln Whichnic o r andilreduc edthein cide nc e ofm ajor
c ardio v a s c ular e v e ntsinpatie nts withchr o nic stable angin a(T heIO N Astudy gr o up, 2002).
Nic or andil,beside sits nitr ate-likepr opertie s, prlm arily activ atesthe mito cho ndrial A T P-
s ensitiv eK
'
(mitoKATP)chan n els(Sato etal., 2000)thatplay an es s e ntialroleinIP C(Garlidet
all
,
1997;Li≠ et alっ 1998). T hu snic o r a ndils e e m stoprote ct the myo c a rdiu m via a mitoKA TP
cba 皿n el-depende ntpathw ay･ Ho w e v er,the m ainqu e stio n re m ain s astobo w openlng Of
mitoKAT PChar m elsbynic o r andilc o uldprote ct myo c ardiu m agal n Stis che micd am age･ Rec ent
studieshavepr opo s edthatope n i ng OfmitoKAT PChan nels m odulate s mito cho ndrialCa
2'
handling(Holm uh am edo v etall, 1999;Ishida etal･, 2001;Murata et al., 2 001). Ac c o rdingly,to
elu cidatethe m e chanis m ofc ardioprotectio n afforded by nic or andil,thepre s entstudy w as
spe cificallyde signedtodetermine whether ope nlng OfmitoKAT PChann elsbynicora ndil
Ishida etal., Page4
atte nu atesthe c ardiac mito cho ndrialCa
2＋
o verload a nds u cheffe ctas s o ciate swiththe
depolariz atio nof mito cho ndrialm e mbr an epote ntial(A 甘m)･
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聞a亀e r豆a邑S amd 関e納 ⑳ds
An im als w e re m aintained a ndu sed a cco rdingtoboththe U SNatio n al I
n stitute s ofHe alth
Guidelin e sfo rLaborato ry An im al Car ePI Hpublicatio n#85
-23, re vis ed 1985)andtheAnim al
carepr otocolof Tokai Unive rslty･
pr cpa r如io m･of R致せ Myocyie s･ A d
ultr at v e ntric ular myo cyte s w er eis olatedbyc ollage n a s e
dige stio n, aspr evio u slyde s c ribe
d(Ishida et all, 1 999)･ On c eisolated,the c ells w er e re s u spe nded
in a cultu re mediu m c ompo s ed of 5 %fetalc alfseru m,4 7･5 % M 199
and 47･5 % m odified
Tyr ode
,
s s olutio n c o ntaining(in mM):NaCl 13 7, K C15･4, MgCl21, H EP E S 5,de xtr o s e22,
tau,in e20, cr e atin e5, s odium pyr u v ate5(pH 7･4)atr o o mtempe r atu r e u ntilu s e･
co n触 al FlⅦo r e s c e nc e‡m agingoflCa
2'
】m a nd AW m･ T he Ca
2＋ fluo r opho r e rhod-2 w a s
u s edto m e as u r echange s of[Ca
2'
]m ･ Myo cytes w e r elo aded with 10pM rhod
-2 aceto xym ethyl
este rfb∫1 20min at4
oC a ndthe ninc ubatedfわr30 min a土37
oCinthe cultu r em ediu m･ Thistw o-
stepc old lo ading/w a -in cubatio npr oto c ol
a chieve s e xclu siv elo adingofrbod
-2 intothe
mito cho ndria(Tr ollinge r et al･ , 200)･ The△Vm w as m o nitored withaflu or e s ce ntpr obeJ C
-1･
Myo cyte s w e rin c ubatedwith0･5pM J C
-1fo r1 0min at37
0c(Di Lisa etal･, 1 995)･
Myocyte slo adedwithrhod
-2 and J C-1 w er epe rfused witha H E P E S
-buffe r edphysiologic
s ol血 o n(3 7
oC)c o ntaining(in mM):NaCl 123, K C1 5, CaC122･7, MgC121, H EP E S 5a nd
glu c o s e5･5(pH 7･4), and im agedwith aNipko wdiskc onfo c alsyste m(
C S U IO
,
Yokoga wa,
Japan), a spr e vio u slyde s cribed(Ishida et all , 19 9)･ The objectiv ele n s w as
xlOO
blan n e oflu ar, n ･a･ 1･3, oilim m ersio nle n s, Zeis s)･ Rhod
-2 w ase x cited at488nm byArgo nion
la se r
,
withe mis sio n c olle ctedabov e515n mthr o ughalo ng
-pa ssbarie rflter･ J C
-1 w a se x cited
at488n m, andthe r ede missio nnu o r e s c en c e w asdete cted u slng alo
ng-pa ssfilter of 580n m･
The e mis sio nlightw a sim agedthr o ugha r elayle n sto anint
e n sifled C C Dc am er a(S RUB G E N
III＋
,
Sol am e r e, SoltLake City, U T)･ Im age sw e r e r e c orded o n a co mpute r(Macinto sh
Ishida etal.
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85 00/120)atvide o r ate a nd a n alyz ed with N IH im age1.62fs o免w are. We verirl edthatthe
s ubcellulardistributio n ofnu o r e s c e n c e arlSlngfr o m rhod-2 a nd J C
-1 w e re virtu alyide nticalto
● ◆
that ofrhoda min-123, a mito cho ndria-spe cificpr obe(i.e. ,thedistributio n ofmito cho ndria
r urmingpar aleltothelo ngitudin ala xis ofthe c ellc o uldbeide ntifl ed).
C ぬc mic a且s. Ou abain,dia z o xide, s odiu m5-hydro xydeca noic a cid(5 H D), a nd S- nitr o s o･ N-
a c etyl- D しpe nicilamin e(S N A P)w e repur chas edfr o mSigm aChe mic als(St･ Lo uis, MO)I
R hod-2 a c eto xym ethyle ste r and J C-1 w aspu rchas ed fr o mMole c ularPr obes(Euge n e, O R)･
N ic o ra ndilw as agi氏fro mC hugaiPha rm a c e utical Co. , Ltd.(Tokyo,Japa n)･ D ia z o xide and
S N A Pw eredis s olv ed in dim ethyls ulfo xide(DM SO)beforethey w er e addedto e xperim e ntal
s olutions. T hefin alc o n c e ntratio n ofD M S Ow as<0.1 %.
D免ぬ Am alysis･ Data ar epr e s e nted as m e a n±S･E･ M ･ , andthe n u mbe r ofc ells o r e xperim e nts
is sho w n as n･ ite r-gr o up c o mparis o n s ar e m adebyStude nt
'
st-te stfo rtw ogr o ups a nd by
A N O VAfollo w ed byTukey
'
stestfTo r m ultiplegr o ups･ A v alu e ofp<0･05 w as regardeda s
slgnific ant.
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陀esu愚息S
E 馳cts ofmic o r andi丑om臣Ca
2十
】m a 組成A 腎m . Ourpre vio u s studyhad de m o n stratedthat the
mitoKATP Ch annel do e s n otplaya signific antrolein r egulating[Ca
2'
]m u nde rno rm alc o nditio n
(Isbida etall , 2001)･ Wetber efbre evoked mito cbo ndrial Ca2
十
o v erload e xpe rim e ntallyby
e xpo singc ellsto o u abain asdes cribedpre vio u sly(Isbida etal. , 2001). Fig. 1 sho w s
l
repre s entative resultsfr o mtw o-dim e n sio n alco nfo c alim age s of myo cyte slo aded withrhod-2
(Fig･ 1 A)and J C-1(Fig･ 1 B)flu or es c en c e, r e spe ctiv ely･ Tr e atm ･e ntofmyo cyte switho u abain(1
m M)in9rea S edtheinte n sityofrhod-2 nu o r es cen c e(Fig･ 1 A- a, 1 A-b), s uggestingthatCa2
十
o v e rlo ad in mito chondria w a s e v oked･ The s e r es ultsfu rtherindic ate thatinitial lo w rhod-2
nu o r es c e n c einte n sityw asdu etothe r elativ elylo w r e stingCa
2＋
in mitocho ndria and n otc a u s ed
byin s uffic e nt mitocho ndrial dyelo ading･ In clu sio n ofnic or andil(100pM)pre v entedthe
mito cho ndrialCa
2＋
o v e rlo ad duringe xpo s ureto o u abain a ndthe r ebythein c r e a s ein rhod-2
nu o re s c en c e w asblunted(Fig･ lA -c, 1A-d), c o mpared with ouabain alo n e. Fig. 1 Bsho w sthe
tw o-dim e n sio n alc o nfo c al im ages ofmyo cyte slo aded withaA Vmindic atorJ C-1, during
expo s ureto o
.
u abain and/o r nicora ndil･ Ou abain(1 m M)alo n edidn ot affe ct theinte n sityofJC-1
(Fig･ 1 B-a, 1 B-b)I N ico r a ndilappar e ntly redu c edtheintensityofJ C-1 du ringe xpo s u reto
o u abain(Fig･ 1 B- c, 1B-d),s ugge stingthat thedepolariz atio n ofA Vm w a s evoked.
Thepo oled datain Fig･ 2c onfir mthat the s e effe cts ofo u abain a nd nic o r a ndilon[Ca
2'
]m a nd
A Vm ar einde ed repr es e ntativ e･ Fig･ 2 Asho wsthe s u m m arized dataforthetim e c o u rs e s of
changesin rhod-2 nu o r e s c e n c e･ Ouabain e v okedthe a c c um ulation of[Ca
2'
]m a ndtheinte n sity
o∫血)d-2 且u ore s c e n c e a鮎r15a nd 3 0min utes e xpo s u r eto o u abin slgni丘c a ntlyin cr e a s edto
13 0±3 %and 180±15 %of bas elin e(p<0･001),
'
r e spectiv ely･ Co- administr ation ofnicorandil(100
LLM)significantlyatte n u atedthe o u abin-indu c ed inc r e as ein rhod-2 nuo re s c e n ce(117±3 %at
15min
,
129±4 %at3 0min;p<0･001vs･ ou abain alo n e)･ The effe ct ofnic ora ndilw a s antagoniz ed
Ishida etal.
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by5-hydr o xydecan oate(500pM), a mitoKA TP Chan n elblo cker(Sato etal. , 1998). Fig. 2 B
sho w sthe s u m m a riz ed datafo rthe r elative changes ofJC-1nu ore s c e n ce m e a s u r ed3 0min ute s
afte rtr e atm e nt ofdrugs･ A ltho ugho u abainper s edidn otaffe ct theJ C-1 伽o re s c e n c e, nic o ra ndil
(100pM)signific antly redu cedtheinte n sityofJ C-1乱u ore sc e n c eduringapplic atio nofou abain
to89j=2 %of ba s elin e(p<0･05vs･ o u abain), ands u chefe ct w a s a ntago nized by5-
hydr o xyde c an o ate(50 pM)･ T he s e r es ultsindic atethatope ning ofmitoKAT PCha n n elsby
nic o r a ndildepolariz edtheA Vm du ring applicatio n ofou abain.
E 肋cせs o官Nic o r am朗旦o mOⅦabain-瓦m 血 c ed 招y pe r co nせra ぬ r c. As e videntfr o mthetim e-
depe nde ntin c r e a s ein rhod-2 flu o r e s c e n c e(Fig. 2 A),the[Ca
2'
]m duringe xpo s u r eto ou abain
in c r e a s ed withtim e. The s ein cr e a sesin[Ca
2'
]m e v e ntu allyr e sultedinirre v e rsible c ellde ath. As
sho w ninFig･ 3 A,thefr a ctio n of hypercontr actu r edc ells60 min a鮎r e xpo s u reto o u ab in(1
m M)w as51 ±2% 抄<0･0001v s･ c o ntr ol)･ Tre atm e nt withnic o r andilde cr e asedtheper c e ntage of
c elldeathdu ring e xpo s u r eto o u abinin a c onc e ntr atio n-depe nde nt m aJ m er(3 7±2 %at100pM
a nd 29士2 %at200pM, r espe ctiv ely). The s e c ardioprote ctiv e effects ofnic or a ndilw e re
abolishedby5-hydr o xyde cano ate(500pM). Like nico r andil, a s sho w ninFig. 3 B,the mitoKA T P
chan n elope n e rdia z oxide(1 00LIM)redu cedthe o u abin -induc ed hype rc ontra ctu refr o m47±4 %
to2 8±4 %わ<0･01)･ 5- Hydroxyde c an o ate again abolishedthe c ardiopr ote ctiv e efe cts of
dia zoxide･ Sin c e nic o randil has nitr ate-likepr ope rtie s, w ethe nte sted whether a nitric o xide
(N O)do n or c o uldmimicthe c ardiopr ote ctiv e effects ofnic or andil. As sho w ninFig. 3 C,the N O
do n orS N A P(Ko waluk and Fu ng1990)(100トLM)failedto r edu c ethe c ell de ath induc ed by
o u abain･ T hes eres ults s uggest that the c ardiopr ote ctive effe cts ofnic ora ndilare attributableto
its effe cts on the mitoKATP Cha nnelsbutnotbythe a ctio n of N O.
Ishida etal
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D旨s c u s s岳o閃
Ou r studyhasde m o n str ated fortheFirst tim ethatin r at ve ntricula rcells nic o r andil, apote nt
mitoKA T PCha m elope n er, atte n u atedthe ouab ain -indu c ed mito cho ndrialCa
2'
o v erlo adin
as s o ciatio n with thedepolarizatio n of A V,n･ Nic or a ndil furtherpr e v e ntedthe c ell
hype rc o ntr a ctu r e c a u s edbyo u abain, and s u ch effe ctc o uld be mimickedbythe mitoKATP
I
cba m elope n erdiazo xidebutn ot the N O do n orS N A P.
Pha r m a c o旦ogic a且Pr e c o nditio n 且mg･ Experim e ntalstudie sha v eindic atedthat cardiopr otectiv e
●
effects ofIPC c anbe mimickedphar m a cologic ally(Nakan o etal. , 2000). Unfo rtu n ately,
therape utic e xploitatio n ofs u chpha rm a c ologic alpre c o ndit o nl ngl n Clinic als ettingsha s not
be e n e stablished･ Amo ngIP Cmim etic age nts, c ardiopr ote ctiv e actio n of KATP Ch an n elope n er s
hasbe e n w elle stablishede xperim e ntally(0.Ro u rke,2 000). Ho we v e r, de spitetheirfa v o r able
c ardiopr ote ctiv epr operty, enthu sia s mforKATP Chan n elope n er shad be e nte mpe r edbythe
pote ntialside effe cts, s u ch a s signiflC anthypote n sio n and indu ctio n ofv e ntricula r a rrhythmia s･
Todate
,
nic or andilisthe onlyKA T PCha - elope n er c o m m onlyused fo rthetr e atm e ntof angl n a
pe ctorisinJqpan andEw ope･ Itha sbe e n w ell do cum e ntedthatnic o r andile x e rtspote ntial
c ardiopr ote ctiv e effe ctsin s e v e r alamim al m odels a s w ella sinpatie nts with is che miche art
dis e as e(M iz um u r a etal･ , 1995;Saito etal･, 1995;Im agaw a etal. , 1998;Kobayashiet al. ,1 998;
Ito etall
,
1999)･ M ore re c e ntly,theIO N Astudyhasde m o n str atedthatu s e ofnic o r andilr edu c ed
theriskofde athfr o m c o r o n aryhe artdis e a s e, n o n-fetalmyo c ardialinfar ctio n, o r unpla - ed
ho spitaliz atio nfo r c a rdiac che stpain(TheIONA study gro up, 2002). The r es ults of IO N A
str o nglys ugge stthatmic or andilc o nfe rspha m a c ol gic alpr e c o ndit o nl nginh um an. T hetri al
designdo e s n otpe mit any c onclu sio n s a stothepn n cipalm e chanis m u nderlyingthe
pha - ac ologicalprec o ndit o n lng･ Ne v erthele s s, thefa v or able o utc o m einIO N Astudyhasbe e n
e xplainedpla u siblybythe a ctiv atio n ofmitoKATPChar m els(Lesnefski,2 002).
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Me cぬamis m o軒Ca r成長oproせ@c鮎 n･ MitoKA T PCh an nelsha v e e m e rg das a n e w strategyfor
anti-ische micdrugde v elopm e nt(Le s n efski,2002). W hilethe mitoKA TPChan n elactiv atingefe ct
ofnic or andil hasbe e nde s cribed in aprio rexpe rim e ntalstudy(Sato etal., 2000),the
m e cha nis m sby whichopeni ng OfmitoKATPChan n els c o uldpr ote ct myo c ardiu m rem ain elu siv e.
Altho ughm ultiplepr o ces s e s s e e mtobein v olv edinthe m e cba nis m s ofc ardiopr ote ctio n
(o
-Ro urke
,
2000),thehypothesis ofmito cbo ndrial Ca2
十
bandlinghasbe e n addr e ss edre c e ntly
(Holm uh am edov etal･ , 1999;Ishida et all 2001;Mu r ata etal. , 2001). W e r epo rtedthatin r at
c ardio myo cyte sdia z o xidedepolarized A Vm and atten u atedthe mitocho ndrial Ca
2 '
o v erlo ad
experim e ntalye v oked byo u abain(Ⅰsbida etall , 2001). Usingthe s a m e e xpe rim e ntal de sign, w e
her ede m o n stratethatnic o r a ndilc a npr e v e nt the o u abin -indu c ed Ca
2＋
o v e rlo adin
mito cho ndria
,
apheno men o n a ss o ciatedwiththedepola rizatio n ofA Vm . W efurthe r
de m o n str atedthat nico r andil, a s w el a sdiaz o xide,blu ntedthe per c e ntage ofc ellsthat w e ntinto
hype rc o ntr a ctu re･ Tr e atm e nt with5 H Dabolishedthe c ardiopr ote ctiv e effe cts ofnic o r andil.
The s efin dings,taken togethe r,indic atethatc ardiopr ote ctiv e effe cts ofnic o r andilar e m ediated
bythe ope ningOfmitoKA T PChan n els.
M ito cho ndrial Ca
2＋
ove rlo ad o c c ursinis che mic myo cyte s and ha sbeenimplicated inthe
is chemia/r epe rfusioninjury(Du che n, 199). Ca
2'
uplakeinto mito chondriaisdriv e nprim arily
bytheA Vm(Gunter and Pfeiffer, 1990). Ther efo re,thedepolariz atio n ofA V,nvia ope ning of
mitoKA T PChan n els reduc e sthedrivingfo r c eforCa
2＋innu x and
,
he n c e
,
r es ultsinthepr e v e ntio n
ofmito chondrial Ca2
＋
o v e rlo ad･ Altho ugh w e u s ed o u abainin anatte mpt toprodu c e
mito cho ndrial Ca
2＋
o v erlo adexperim e ntally,it m aybepertin e nt to applyo u r re s ult tois che mic
myo c ardiu m･ Infa ct, a r e c e ntstudyvsl ngr abbitve ntric ular c ellsr epo rtedthat the mitoKA T P
cha n n elopen e rdiazo xide atte n u atedthe a c cu m ulatio n of[Ca
2'
]m du ringsim ulated
is cbe miaノrepe血 sio n(Mu r ata et al. ,2001). Onthe otherha nd,[Ca2
＋
]m accu m ulatio n m ay
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PreCIPltate OPe n lng Ofperm e abilitytr a nsitio npo r eand le ad in ex orablyto apoptotic c ell death
(Kro e m er etall , 1998)･ Thus, de c rea s einthe mito cho ndrial Ca2' overloadby mitoKA TP Cha n n el
ope n ing mightbe abletoprev e ntapopto sis･ Inde ed,ithasbe en r epo rtedthat ope ning Of
mitoKA T PCharm elsbydiaz o xideinl1ibitsthe apopto sisindu ced byo xidative str e s s(A kao etal. ,
2001)A It will beintriguingto elu cidate whether nicora ndilatte n u atesthe apoptotic c ell de ath.
Nic ora nd畳且去nd N O･ Ni廿ic oxide(N O)hasbe e nimplic ated a s a m ediator ofdelayed IPC
(Bolli,2000)andnitroglycerin c o uldmimicthedelayedc ardiopr ote ctio nin patients unde rgoing
c or o n ary a ngioplasty(Le e s a etall ,2 001)･ Nic o r a ndil has a nitr ate-likeprope吋 , s othat the
fo rm atio n of N Omightc onfer cardiopr ote ctio n･ Ho w e v er,in o ur e xperim e nts,the N O do nor
S N A Pc o uldn ot mimicthepr ote ctiv e effe cts ofnic o r andilagai n stC ell hype rqo ntr actu redu ring
e xpo s ur eto o u abin(Fig･ 3 C)･ IntheIO N Astudy, nic o r a ndil impr o v ed o utc o meinpatie nt
de spitetr eatm e ntoflo ng-a ctingnitr atesbothinthe nicor andilandpla cebo gr o ups(TheIO N A
study gr o up, 2002), s ugge stingthefa v o r able o utco m e mightn otbee nrelatedt.NO. Sa s akiel
all(2000)reportedthatN Oonly w e aklyfa v orthe ope ning･ofmitoKA TPCha nnelsin ,abbit
v e ntricu血 c ells･ Tberefbr e
,
take ntogether,itis c o n c eiv ablethatp九a - a c ologlC al
pre c o nditio nlng affo rdedbynic o r andilmightbe elicited m ainlyviadire cta ctiv atio n of
mitoKA T PChan n els.
Conclu sion ･ In thepr e sentstudy, w ehavepr o videdthe e vide n c ethatope ni ng Of mitoKA TP
cba m elsbynic or a ndilpr e v e ntsthe mito cbo ndrialCa
2＋
o v erlo ad. Give nthatc ellde athre sults
fr o mimpairm e ntofmito cho ndrial Ca
2'
ho m eo stasis(Du che n, 1999), s u ch an effe ctofmitoKA TP
char m elope n er c anbe attributedtothe m e chanis m ofc ardiopr ote ction･ Mo r e over, fa v o r able
outc o m e ofIO N Astudys upportstheprl n Ciplethat mitoKA TPCha n n els･are valu abletargetsfor
anti-is che micdrugdevelopm e nt.
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『薗gu酢e 虹⑳g昏m eBs
F豆g. 且｡ Tw o-dim e nsio n alc onfo cal im ages ofrhod
-2(A)and J C-1(B)flu ores c e n ce,before
(Ba selin e)a nd aftertre atm ent witho uabain(Ou ab, 1 m M)a nd/or nico r a ndil(Nic°, 100トもM)･
Fig. 2. Su m m ariz ed dataforthetim e c ours e s ofch angesin rhod
-2nu o r e s c e nc (A)a ndthe
r elative changes ofJ C-1 加ore sc e n ce(B)･
*
p<0･001vs･ ba s elin e;i
'
p<0･05,#p<0･001v s･ Ou ab;
l
gp<0.05,御<0.001v s･ Ou ab＋N ic o･ Co nt = c o ntrol;Ou ab - o u abain(1 m M);Nic° = nic orandil
(1 00トIM);5 H D- 5-hydr oxyde c an oate(5 00LIM)･
F主g. 3. Su m m ariz edeffe cts ofpic or a ndil(A),diazo xide(B)and S N A P(C)o n c ell
bype rc o ntr a ctu r eduringapplic ation ofouabain･ Cellshype rc o ntr a ctu r ed 60min a洗er e xpo sur e
to o u abain(1 m M)w er eplotted a s ape r c e ntage oftbetotalviable c elsbefわre applic atio n of
drug.
*
p<0.05,
* *
p<0.01v s･ Ou ab･ Ou ab
- o u abain(1m M);N ic o - nicora ndil(50,1 00,2 00
pM);5 H D- 5-hydr o xyde c an o ate(500LLM);Dia z- dia z o xide(100トLM);SN A P- S- nitro s o-N -
acetyトD しpe nicillamin e(100い一M).
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Although mito cho ndrialATP-sen sitiv epotassiu m(mitoK,1TP)cha n n elsha v ebe e nreportedto
redu c ethe e xte ntofapopto sis,the criticalti mingofmitoKA TPCha n n elope n i ngr equir edto
pr ote ct myo cyte s again stapopto sis re m ain s u n cle ar･ Inthepresentstudy, w e e x a min ed whethe r
the mitoKATPCha n n els e rv e s as atrigge r ofc ardiopr ote ctio nagain st apopto sisindu c edby
o xidativ e stre s s･ Apopto sis ofc ultured n e o n atalr atc ardio myo cytes wasdeter min ed by瓜o w
cyto m etry(lights c atter a ndpr opidiu miodide/ar m e xin V-FITCnuor esc e n c e)andbyn u cle ar
staining with Ho e chst33342. Mito chondrial m e mbr a n epote ntial(A V)w as m e a s uredbyno w
cyto metryofcels stain ed withrhod amin e-123(Rh-123)･ Expo s u reto H202(500pM)indu c ed
apopto sis andtheper c entage ofapoptotic c ellsincr e a s edprogre ssiv ely andpe aked at2 ho u rs･
ThisH202-indu c ed apopto sis w a s a ss o ciatedwiththeloss ofA V, andthetim e
- c o u rs e of
decre as einR h-123nu o r es c e n c eparalleledthat ofapopto sis･ Pretre atm e nt ofc ardio myocyte s
withdia z o xide(100pM), aputativ e mitoK,v pcha n n elope n er,for30minpriorto e xpo s ur eto
H202 elicitedthetr an sie nt and mildepolariz atio n of A V, a ndc o n s equ e ntlys uppre s sed both
apopto sis andA V lo s s afte r2 ho urs e xpo s u r eto H202･ The s epr ote ctiv e effe cts ofdia z o xide
w ere abrogated bythe mitoKATPChan nel blo cker5-hydr o xyde c an o ate(5 00LLM),butn otbythe
s ar c ole m m al KATPCha 皿 el blockerH M R 1098(30pM)A Ou r re s ults s uggestfo rthefir st tim e
thatdia z o xide-induc ed ope ni ng OfmitoKA.PChaJn elstriggers c a rdioprotectio n again st
apopto sisinducedbyo xidative str e ssin r atc ardio myo cyte s･
K E Y W O R D S:Apoptosis, c ardio myo cytes, mito cho ndria, mito cho ndrial m e mbr an epote ntial,
o xidative stre s s, pr e c o nditio nl ng･
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Is che micpre c o ndito ning(IP C)is aphe n o m e n o nin which b riefepis ode s ofco ndito ning
is che mia c a nblunts ubs eque ntlethalinjuryoftheheart(23)I T his e ndoge n o u s c ardiopr otective
m e chanis mhasbe e n c o n c eptu allydivided intotrigger s a ndm ediato r s/effe ctor s(3).
M itocho ndrial A T P-s e n sitiv epota s si um (mitoKA.P)cha n n elshav ebeenpropo s edtobethe
l
viable e nd- effe ctors ofIP C(8,17, 29)･ A r e c e ntstudybyPain etal.(27)furthe rpropo s edthat
mitoKATPCha n n els s e rv e a strigge rs r atherth an e nd- effectors viathe ge n er atio n ofr eactiv e
o xygen spe cies･ Thu s,the mitoKATPChan n elappe arstoplaydu alr oles, both as atrigger and a
m ediato r/effe cto r ofc ardioprote ctio n(11,16, 24)･ A ltho ughthe defintio n ofIPC w asinitially
u s edtode s cribe a r edu ctionin myo c ardialn e c ro sIS,itha sbe e n r eportedthatIP Cr edu c e s
ische micinjurybyde c r e asing apopto sis(6,9, 20, 28, 36). Re c e ntly, Aka o et al.(1)hav e
de m o n str atedthatdia z o xide
,
aputativ e mitoKATPChan n elope ne r,inhibitedapopto sisindu c ed
bye xpo s u r etohydr oge npero xide(H202)for16 ho u rs. T hey u s edc ultu r ed n e onatalr at
v entric ular myo cyte s and applied dia z o xide sim ultan eo u sly with H202, S ugge stingthat the
mitoKATPChan n ela cts as a m ediator/effe ctor ofc a rdiopr ote ction agaln St aPOPtO Sis･ Ho w e v e r,it
r e m ain s un cle ar whethe r anti- apoptotic effe cts c anbetrigger edbyopen lng OfmitoKATP
cha n n els.
Thepr e s entstudy w asde sign edtoin ve stigatethe c ritic altimingof mitoKATPChan n el
ope n i ngr equir edto c o nfTe r anti- apoptotic effe cts, anddem o n str ated fo rthefirst tim ethat
ope nl鴫 ofmitoK･∬ p c也a - elsbydia z o xide a cts a s atdgge r ofc a rdiopr ote ctio nagal nSt
apopto sis.
” -01073-2002/R2
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Prepa r ation ofc ulturedn e o natalratc wdio myo cytes･ The e xperim e ntalproto colw a s appr o v ed
in adv an c ebytheEthic sRe vie wCo m mitteefo rAn im alExperim e ntatio nofOita Medic al
Univ e rsity･ Ne o n atlc ardio myo cytes w e rpreparedfro m3- to5-day- old Wistar r ats a s
de s c ribedpr e viou sly(35)･ Ca rdio myo cyte s w er ethe nplated o nto3 0- m m c ultu redishe s at a
densityof5×1 0
6
perdish, andc ultu redin DM E Ms upple m e ntedwith5 %fetal bo vin e s e ru m at
3 7oC u nder5 % C O2･ Onday4, cardio myocytesbe atingsyn chr ono u sly w e re u sed fo r
expe rim ents.
Asses s m entofapopto sis a ndA Ybyjlo w cytom etry･ Flo w cyto m etric a n alysis wasperfor m ed
u sing a nE PICS(Beckm anCo ulte rIn str u m e nts)o n aminim u m of lx 104 u nfix edc ellsper
s ample･ Cardio myo cyte sw er etrypsiniz edwithtrypsinmD T A, re s uspe nded inP B S, and lo aded
with 10pM pr opidiu m iodide(PI, W akoPu r eChe mic allndu strie s, Osaka,Jap an)a ndlドM
a m e xin V -FIT C(Im m u n ote ch, M ars eille, Fr an c e)at4
oCfo r10min. In s eparate expe rim ents,
beforebeingresuspendedbytrypsinizatio n, c ardio myo cyte s w er ein c ubated with 10pM
rhod amin e-123(R b-123, M ole c ularProbe s, Euge ne, O R)at3 7
oC fo r10min
,
andthe nloaded
with PIatro o mte mpe r atu r efor5 min･ Apopto sis w aside ntifi edas c ells with low forward
s c atter(F SC)o n side s c atter(S S C)仔S C dotplots, PI dim stainingo nF S C/pl dotplots, and
an n e xin V-po sitiv e and PI-n egative stainingo n ar m e xin V/ PI dotplots, re spe ctiv ely(5,14, 19).
T he m e anu o re s c e n c einte n sityofRh-123o nthehistogr am s meas u red byBo w cytom etry w as
u sedtodete rmin ethelo s s ofmito cho ndrialm embr an epote ntial(A V). Flu o r es cencepr obes
w e re e xcited with an aiトC O Oled 488n m argonlase r. The emis sion 月.uor es c e n ce w as m o nito red
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at525n mfわrR h-123or anne xin V -FIT C, a nd 620n mforPI･ Data w ere an alyz ed usi ngthe
Co ulter s oftw a r epa ckage(Pho e nixFlo w)･
An alysis ofapoptotic n u cleibyjlu o res cent micro s c opy･ Todete ct the char a cteristicfe atu r e sof
apoptotic nu clei, unfix edc ardio myo cyte s w er e stain ed with O･12pM Ho e chst33342(W ako), a
flu o r e s c e ntD N A-bindingdye, fo r10 min. Flu o r e s c e n c e ofHo e chst33342(e x cited at365n m
ande mitted at400n m)w as c aptu red usinga C C Dc am e r aunder anu o r e s c e nt micr osc ope･
Apoptotic c ells w er eide nti丘edbytheirtypic al m o rphologic alappe ar a n c e, w
ithch∫om atin
c o nde n s ation and n u cle a rfr agm e ntatio n･ An a v e r age of>500n u cleifr o m r andom fi elds w a s
an alyz edfor e a ch datapoint･
Deter mination ofL D H in c ulture m ediu m . La ctatedehydr ogenase(L D H)rele as edtothe cultu r e
m ediu m w asdete r min ed withan L D Ha ss aykit(Eike nChe mical, Tbkyo,Japa n)･
Appr oxim ately5 x 10
6
c ardiomyo cytes w e r epla c ed into35m m c ultu r edishe s c o ntaining1 ml
ofculttw e m edium(D M E Ms upple m e ntedwith5% fetalbo vine s e ru m)･ After2 ho u rs expo s u r e
toH202,500plofs upe rn at nt w a s c ar efullycolle cted fo rL D H dete rmin atio n･
Expe rim e ntalproto c ols･ The e xperim e ntalpr oto c ols a redepictedinFigu r e1･ Apopto sis w a s
indu c edbye xpo singc ardio myo cyte sto500pM H202･ Thedos e ofH202 W a s Cho s e nba sedo n
pr e vio u srepo rts, s u chthat theindu ctio n ofapoptosisin n e o n atalr atc a rdio myocyte s o c c u rr ed
via a ctiv atio n of the mito cho nd ri alpoptoticpathw ay(4,32). Toin v e stigatethe r ole ofthe
mitoK
,1.PCha 皿 elas atrigge r ofc ardiopr ote ctio n again stH202
-indu c ed apopto sis,
c ardio叩 O Cyte S W er epr etr e ated withdia z o xidefわr3 0min a ndthe n wa shedtwic e wi也 P B S
befo r ein c ubatio n with H202fo r2ho u r s･ Co ntr olgr o up: c ardio myo cyte s obtain ed fro m site r
”-01073-2002/R 2 Ichin o s etal. , Page6
c ultu re s re ceiv ed v ehicle onlywithoute xpo sur eto H202･ H202gr o up: Cardio myo cyte s w er e
in c ubated with H202 alo n e. H202＋D Z(P)gr oup:pretr e atm e nt with 10LLM dia z o xide(Sigm a
che mic al Co., St. Lo uis, M O)fo r30minpriorto H202in c ubatio n･ H202＋D Z(P)＋5 H D(P)
group:pretr e atm e nt withdia z o xide and 5 00卜M 5
-hydr o xyde c an o ate(Sigm a)prio rto H202
incubatio n. H,02＋D Z(P)＋5 H D(C)gro up:pr etr e atm e nt with dia z o xideprio rtoH202in c ubatio n
and 5-hydr o xyde c an o ate w as c o-administer ed with H202･ H202＋D Z(P)＋HM R(P)gr o up:
pr etre atm e nt with dia z o xide and30pM H M R 1098(kindly provi ded byAv e ntisPhar m a)prior
to H202incubation･
statisticala nalysis･ Data ar expr e ss eda sm e anj= S E M･ DiBler e n c e sbetw eengr o ups w er e
ex amin edfor statistic alsigniflC an C e u singA N OV Awith Fishe r
'
spo st
-hoete st･ A Pv alu ele ss
tha n0.05de n otedthepr e s e n c e ofa statisticalysignific antdiffe r e n c e･
H -01073-2002/R 2
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H202indu c e sapopto sis ofc ardio myocyte s. Figu r e2 Asho w sthe repre s e ntativ eflow
cyto m etric an alysis ofc ardio myocytes stain ed with PIa nda n n e xin V
-FIT C･ Side a nd fo r w ard
s catter(ss c仔S C)dotplotside ntifiedtw odistin ctc ells ubpopulatio n s, a ndc ells with high
F S Csignals(Rl)w er epredo min a ntin c o ntr ols･ Expo s u r eto H202fb∫2 ho u rs sbi 鮎dthe c ells
intothelo we rpo rtio n ofthediagr am(R2). W he n cells ubpopulatio n sw er edete cted o nF S C/PI
dotplots, apoptotic c ellsinthedim PI flu o r e s cen c e r egio n(R4)inc re a sedafter e xpo sur eto
H202. M ore over, a n n e xin V -po sitiv e and P トnegativ e apoptotic c ells(R9)we r epr o min entafte r
expo su reto H202･ Figur e2 Afurthe r sho w sthe n u clear m orphologyofc ardiomyo cyte s stained
with Ho e chst33342. The apoptoticfe atu r e s ofchr o m atin c onde n s atio n andn u cle ar
fragm e ntatio n w e re obs e rv ed after2ho u r s expo s u retoH202･ As s u m m ariz ed in Figure2 B,the
pe rc e ntage ofapoptotic c ellsinthelo wF S Cs ubpopulation(R 2)w a s signific antlyin cre a s ed
丘o m18±1 % inthe c o ntr olsister c ultu reto4 5±2 %a洗er expo s ureto H202(n= 5, P<0･01)･
Similarly, H202Signific antlyin c r e a s edthedegr e e ofapopto sis as s e s sed byPIstaining(36j=2 %
vs. 16±2% , n- 5, P<0.01), ann e xin V/PI do uble staining(40士2 %vs. 19±1 %, n - 5, P<0･01), and
Ho e chst333 42staining(35j=4% vs. 7j=1 %, n -ll, P<0.01)･ T he s ere sultsindic atethatH202
indu c ed apopto sis ofratn e o n atalca rdio myo cyte s andthatthedegr e e ofapopto sisdete rmin ed
byfourdiffe r e nt m ethods w as c ompar able･
Tim e- c o urs e ofH202-inducedapopto sis and A Ylo s s･ Figur e3 sho w sthetim e- c ourse s of
apoptotic c elde ath and A V lo ssduringe xpo s ureto H202･ He r e, apoptotic c ells w ereide ntified
a sthelo wF S Cs ubpopulatio n andA V lo s s w as as s e s s edbyrlativ e ch angein the m e an
瓜uo r e s c e n c einte n sityof R h-123. Theper c e ntage ofapoptotic cellde ath in c re a s ed
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progre s siv ely andpeaked at2 ho urs(285±78 %ofcontr olsister c ulture, n- 8, P<0.01). The
tim e-c o urs e of de cr e a s einR h-123 nu o r e s c e n c eparalle edthatofapoptotic c ell de ath, and A V
after2 hours e xpo s u r eto H202de c re a sedto53±10 %(n- 8, P<0.01)ofthe c o ntrolsister c ultu r e･
The se r esults sugge st thatH202-indu c ed apopto sis w a s a ss o ciated with lo s s ofA W･
D ia z oxidepre ve nts H202-induced apopto sis a nd △V lo s s. Wethe n e x a mined whethe r
pretre atm e ntwithdia z o xide atte n u atedtheH202-induc edapopto sis and A W lo ss･ Assho wnin
Figu re4, H202-indu c edapoptotic cellsin thelow F S Cs ubpopulatio n ac c o mpa niedthe
dis sipation ofA V, which w a s e vide ntbythele氏w ardshi免in R h-123 nu o r e s c e n c e･ Th m e an
inte n sityof R h-123nu o r e s c en m e as ured onthehistogram w as40･O inthe siste r c o ntr ol
cultu re and 1214 afterH202incubatio nfo r2 ho u rs･ Pretr e atm e nt withdia zoxidefo r3 0min
atten uated both apoptotic c ell de ath andA V lo ssinduc ed byexpo s u reto H202, andthe m e an
inte n sityofR b-123 且uore s c e n ce w asre sto r edto24･7･ Su m m arized data sho w ninFigu re5
c o nflr mthat the re sultsin Figu re4 areinde edrepr e se ntativ e･ H202Signific antlyin cr e as ed
apoptotic c ell de athto338j=41% ofthe c o ntr olsister c ulture(n-15, P<0･01), and de cr e a sedthe
A Va ss es s ed by m ea ninte n sityofR h-123flu ore s c e n c eto56j=8 %ofc o ntr ol(n=15, P<0･01)･
Dia z o xidepretr e atm e nt(H202＋D Z(P)gr o up)signific a ntlyatte n uqtedapoptotic c ell de athto
228±1 9 %ofc o ntr ol(n - 15, P<0.01vs. H20,gr o up)andresto r edthelo ss of A Vto78±8%of
c o ntr ol(n -15, P<0.01vs. H202gr o up)A The s electiv e mitoKA.｡Cha r m elblo cker
5-hydr oxyde c an o ate(5 H D)(30)appliedtogethe rwith dia z o xide(H202＋D Z(P)＋5 HD(P)
gro up)pre v e ntedthe effe cts ofdiaz o xide, andthe e xte ntofapoptotic c ell de ath and lo s s of A V
w a s similartothatinduc ed byH202 alo n e･ In c o ntra st, whe n5 H Dw a s c o
- administer ed with
H202aAer applic atio n of dia z oxide(H202＋D Z(P)＋5 H D(C)group),thedrugfailedtoinl1ibitthe
effe ct ofdia z oxide. The s e efFe cts of 5 HD s ugge st that ope nlngOfthe mitoKATPCh am 1el by
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dia z o xideinde ed a cts a satrigger ofc ardiopr ote ction again stH202
-inducedapopto sis･
M or e o v e r
,
H M R 1098, a selectiv e s ar c ole m m al KAY,Cha nnel blo cker(31), appliedtogethe r
withdia z o xideprio rto H202(H202＋D Z(P)＋H M R(P)gr o up),didn ot affe ct thepr ote ctiv e
e飽cts ofdia z o xide
,
s ugge stingthat the s ar c ole m m alKÅTPCha n n elis n otinvolv ed inthe
anti- apoptotic effe ctof dia z o xide･
D iazo xideprevents H202-indu ced n ec ro sis･ H202indu c ed n oto nly apopto sisbutals o n e cr o sis･
Thele v elof L D H inthe c ultu re m ediu m w as slgnific antlyin c r e as ed fr om O･059j=0･013 IU/ml
(n- 6)inthe c o ntrolsister c ultu r eto0.278±0･015 IU/mla鮎r2ho u r s e xpo s u r eto H202(n
=6
,
p<o.oo1). Pr etr e atm e nt with dia zoxidefo r30min signific antlyr edu c edtheL D H le v elto
o.222±0.014 IU /ml(n- 6, P<0.05v s. H202gr o up)I W he nthe n ecrotic c ell de athw a s as s e s s ed as
ape r c e ntage ofthebrightPIflu o resc e n c e r egio n(R 3),H202in c re a sedne c r o sisfr o m4･7j=0･5 %
(n-6)in contr olto9.3 ±1.3 %(n- 6, P<0･01)aRerH202 e XPO S u r e･ Pr etre atm ent withdia z o xide
again atte n u atedthe n e cr otic c el de athto5･6j=0･3 %(n- 6, P<0･01 vs･ H202gr o up)I
Transie ntdepolariz atio n ofA Vtrigge rs c a rdiopr otectio n･ Wein v e stigatedthe effe ctof
dia z o xide o nAV du ringthetriggering period(Fig. 6). D ia z o xide signific a ntlydepolarizedthe
A V andde cr e as edtheinte n sityof 鮎,
-123 flu o r e s c e n c eto74±5% ofthe c o ntr olsiste rcultu re
(n- 5, P<0.01)a触r a15- min applic atio n･ Thisdepolariz atio n of A Vr e stor edto 87±4 %of
c o ntr ol(n- 5, P - NS)aRe r30min. Tr an sie ntdepolariz atio n of A Vobs e rv edaRer a15- min
applic atio n ofdia z o xide w a s abolishedby5 H D(88j=6 %, n-5)･ T hu s,the A Vm e a s u r edjust
befo r e applic atio n ofH202 W a s C O mPar able am o ngthegroups･ Ne verthele ss, dia z o xide
pr e v e ntedthelo ss of A V indu c ed bys ubs equ e nte xpo s ureto H202fo r2 ho u rs･ T he s e r es ults
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s ugge st that thetr an sie ntdepolariz ation of A V duringthetrigge rl ng Pe
riod mightc o ntributeto
the me cha nis m orcardioprote ction .
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The m ajo rfindings ofthepres e ntstudy w ere , 1)pr etre atm entofr atca rdio myocytes with
dia z o xide
,
aputativ e mitoKATPChan n el ope n e r, elicitedthetr an sie ntdepolariz atio n a nd
atte n u atedthe subs equ e ntapoptotic c ell de atha nd A V lo ssinduced byexpo s ureto H202, a nd 2)
thes e effe cts of diazo xide w ere antago nizedbythe mitoKATPChan nelblo cke r5 H Dbut n otby(
the s ar c ole m m al K
,” chan n el blo ckerH M R 1O98･ Ourdatatherefore s uggest that mitoKATP
cba m els s e Ⅳ e as atrigge r ofc ardioprote ction agaln StapOptOSisinduc edbyo xidativ e stre s s.
H202hasbe e nrepo rtedtoindu ce apopto sis ofc ardio myocytesthro ughactiv atio n ofthe
mito cho ndrialapoptoticpathw ay(4,32), whe r elo ss ofA V is akeystep a ss o ciated with
cyto chr o m e c r ele as efr o mthe mito cho ndria(10). Ou r r e s ults c o nfir m edthat this w asinde ed
the c ase and H,02indu c edthe apopto sis ofc ultu red n e o n atalr atc ardiomyocyte s,dete rmin ed
byno w cyto m etric an alysis(lightsc atter, PIand an n e xinV -FIT Cstaining)andbyn u cle ar
m orphology(Hoe chst33342staining)･ Fu rthe rm or e, c onsiste nt withtheprevio u s report(4),
H202-inducedapopto sis w as a ss o ciated withthelo ss of A Vas sho wn byRb-123nu oresce nce.
Be side sth占apopto sis, w eals ofo undthatH,02in creasedthe n e cr otic c ells, which isin
agr ee m e山 witbaprevio u s studyin n e o n a土al m o u s e c ardio myo cyte s(33). T heL D Hrele a s e
incr eas ed by --5 fold, where asPIpo sitive cellsin c r e a s ed by 態2 folda鮎r e xpo su r eto H202･ A
pr obable r e as o nfb∫thisisthatn e crotic c ellsbe c o m e n onadbe r e nta nd
,
he n c e
, m aybe r em o v ed
whe nthe c elllaye ris w a sheda nd re s u spe nded inP B S fo rno w cyto m etric a n alysis･ Thedegr e e
ofn ecr otic c ells as s e s sed as apercentage ofthebrightPInu o r e s c e n c eregio n(耗9 %)w a s
s ubstantiallysm allerthanthatofapoptotic c
r
ells(如0 %). Ac c o rdingly, c ultured n e onatalr at
c ardio myo cyte spredo min antlysho w ed apoptotic c ell de athafter e xpo sur eto H202 u nder ou r
e xperim e ntalc o nditions.
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Altho ughthe mitoKA.PChan n el w a sinitiallypropo s edtobethe end- effecto r ofIP C(8,
17
,
29),thetriggering actio n ofmitoKATPCha n n elsha s als obe e npr opos edusingin far ctsiz e as
the e nd-point･ Pain etal･(27)sho w edthat5 H Dadministe rede arlytobracketpre c o ndit o ning
ische mia co uldabolishtheinfar ctsiz e-limitingeffe ct ofIP C. Baines etal.(2)de m o n str ated
thatdia z oxide administe red befわreiscbe miabutn ot a鮎rthe o n s etorinde xis c血e mia r edu c ed
theinfTarctsiz e･ The r e s ultspre.s e nted心ere co nfim thatpr etre atm e nt withdia z o xide a cts a s a
trigger a ndthe r ebyattenu atingthe n e cr otic c ell de ath indu c edbyH202･ Re c e ntly,l n addito nto
reduction ofinfarctsiz e,IP C hasbe e n reportedto reduce apopto sis(6,9,20,28,3 6). A ka o etal.
(1)repo rtedthatdia z o xide atte nu atedbothapoptotic c ell de ath andA Vlo ssindu c edby
expo s ur eto H202fo r16 hours, andthese effe cts ofdia z o xide w e re a ntago niz ed by5 H D. Sin c e
dia z o xide and/or5 H Dhadbe en ap pliedtogether withH202intheir study,the r e s ults s uppo rt
theide athatmitoKA TPCha n n ela cts a s a m ediator/ef6e cto r ofc ardiopr ote ctio n again stapopto sis.
A n o v ela nd inter e stl ngfindinginthepre s entstudyisthat apoptotic c ell de ath and A V lo s s
a洗e r2 ho u rs e xpo sureto H202 W a s SlgniflC a ntlyatte n u atedwhe ndia z o xide wa sapplied for30
minbefor e e xpo s u r etoH202. We c onfirm edthat thisindeedresultedfr o m openlngOfmitoK∬ p
●
cha m els:5 H D butn otH M R 1098c o mpletelyabolishedthe anti- apoptotic effe cts ofdia z o xide
(Fig. 5). Mo reov er, onc e c ardiomyocytes werepretre ated withdia z oxide, subs eque nt
applic ation of5 H Dtogethe rwith H202 c oul dn otblockthepr ote ctio n affo rdedbydia z o xide.
T he s ere sults,takentogether,indic atethatthe mitoKÅrpchannelacts as atriggerof
c ardiopr ote ction againstapoptosis. Wefu rtherfo undthatthetriggen nga ction ofdia z oxideto
redu c e apoptotic c ell de athc o uldn otbe obs e rv ed a氏e r16 ho u rs e xpo s ureto H202(data not
sho wn). T hu s,the mitoKATPCha n n elapparentlytrigge rs an e arly phas e ofpr ote ctio nthatlasts
fわr - 2 bo ur s.
T beprecise m echa nis mby which diazoxideprev e nts 叩 OptO Sis rem ain s u n clear｡ Ithas
be e n r eportedthatdiazo xide-indu ced ope nlng OfmitoKÅTP Chann els c a u s ed mild
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depolariz atio n ofA V,ther ebyatte n u ating mito cho ndri alCa
2＋
o v erlo ad induced byo u abain a nd
m etabolicinhibitio n(13, 22). M ito cho ndrial Ca
2'
o v erlo adr e sultsin the ope ning of
pe rm e abilitytr an sitio npo r e(PTP),intu rn c a u s e sth lo s sof A Va ndr ele a s e ofcyto chr o m ec
(10). The r efo r e,pr e v e ntio n ofP T P byatte n u ating mito cho ndrial Ca
2'
ove rlo ad m aybe a
critic al m echanis m ofc ardiopr ote ctio n. Inde ed, Aka o etall(1)de m onstr atedthatdia z o xide
inhibitedthe cyto chr o m e c r ele as e and lo s s ofA V indu c ed byH202･ Re c e ntly, M inn ers etal･
(21)repo rtedthatpha m ac ologic alpre c o nditio ningbydia z o xide u nc o upledmito cho ndria and
de c re as ed A VinGirardicells and C 2 C 12myotube s. In thepre s entstudy, w e als ofo u ndthat
dia z o xidedepolariz edthe A V d mingtrigge ring period(Fig･ 6)･ Ho w e v er,itshouldbe n oted
thatdepolarizatio n of A V indu c ed bydia z o xide w astr an sie nt andthat there w a s n o signific ant
depolariz atio n of A Vjustbefo reapplic ation ofH,02･ Thisfl ndingImplie sthatpr e v e ntio n of
mito cho ndrial Ca
2'
o v erlo ad in a ss o ciation with A Vc ar m ot ac cou ntforthetrigge rlng
m e chanis m ofc ardiopr ote ctio n. Alte m ativ ely,r e a ctiv e o xyge n spe cies(R O S)ge n e r atio nis
thought tobe atrigge r ofsign aling pathw ays m ediatingIP C. Pain etal.(27)de m o n str atedthat
thetrigge nngeffectofdiaz oxide w aslo st whe n a s c a v enger ofR O Sw e r e co- administe red with
dia zoxide. Fo rbe s etal･(7)pr o vided dir e cte vide n c ethatdia z o xideinc rea se sR O Spr odu ctio n.
The refor e,ithasbe e nhypothe sized thatope nl ngOfmitoKATPCh an n el bydia z o xide m ayle adto
the R O Sge n er atio n･ R O Sm aythe n a ctiv atedo wn stre ampr oteinkin as eC(P K C). Ok am u r a et
all(25)reportedthat thepr ote ctiv e effe ctofIPCagain stapopto sis w a sblo cked byaP K C
inhibito r. Liu etall(18)furthe rde m o n str atedthatP K C-epsilo nisinv olv edininhibitio n of
apopto sisbyIP C. M or e o v er, W ang et al.(3 4)sho w edthatdia z o xideindu c ed P K C
tr an slo c atio ninL ange ndorff-perfus edr athe a rts and that thes e effe cts couldbeblo cked byP KC
inhibito rs･ T hu s
,
s u ch aP K C-depe nde nt m e chanis m m ediated byR O Sge n er atio n might
c o ntributeto the anti- apoptotic eHe ct of dia z oxide･ In aprelim ln ary e xperim e nt, ho w ever, w e
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obse rv ed thata R O Ssc ave nge r o nly partiallyinhibitedthetr an sie ntdepolariz atio n ofA V
during application of dia z o xide andc o uldn otc o mpletelyabolishthe a nti- apoptotic eife ctof
dia z o xide. Rega rdingtheinfarctsiz e-limitingeffe cts, R O Ss e e m stobein v olv edinthe
tngge n ng a ctio n of mitoKATPCha n n els. Ho w e v e r,it
-
r e m ain s u n cle ar whetherthe
R O S-depe nde nt m e chanis m m aybein v olv ed inthe anti- apoptotic effe ctofmitoKJW PChar m els.
In c o n clu sio n
,
the r e s ults ofo u r study pr ovide n o v el vide n c ethatope n lng OfmitoK,1TP
chan n el bydia z o xide a cts as atrigge r andr edu c e s apoptotic c ell de ath. Altho ughw e u s edH202
toindu c e apopto sis,it wil beinter e stingto s e eifmitoKATPChan n elstrigge r a nti-apoptotic
effe ctsin anin viv o s etting. M or e r e c e ntly,itha sbe e npr opo s edthatdia z o xideinhibits
respir atorychain and which m ayse rv e a s apr edictiv e m e chanis mfo rR O Sge n er atio n(12)･
Ho w e v e r,thiside ais c o ntr aryto studyde m o n str ati ngthatdia z o xide c an s uppr e ssR O S
ge n er atio n andredu ce. cyto chr o m e c r ele as e atre o xyge n atio nin apota ssiu m,indepe nde nt
m an n e r(26). Fu rthe rm o r e, altho ughdia z o xideha sbe e n sho w ntodepolarizethe△V, a m odest
depolariz atio n ofA Vw o uldbe e xpe ctedtode c re a seR O Sge n er atio n r athe rthanin cr e a s eit
(15). Obvio u sly, ho wdia z o xide mightbelinkedto R O Sge n e r ation r e m ains un cle ar･ Fu rthe r
studies a r e r equir edtodef inethe m e chanis mby whichdia z o xide s et thehe artinto a
pr e c o nditio n edstate against apopto sis･
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鞄 且･ Experim e ntalpr oto c ols･ An alysisbyno w cyto m etrya nd/o rnu ore s c e nt mic ro sc opyw a s
pe rfo r m ed at thetim e sindic atedbyarr o whe ads･(P)and(C)inthe n a m e ofstudy gro ups
indic atethetimingofe a ch drugadministr ation(P,pr etr e atm e ntbefor e e xpo s ureto H202;C,
c o-tr e atm e ntwith H202). Se etextfo rdetails.
F孟g｡ 2･(A)Repr e s entativ eno w cyto m etric and m orphologic al an alyse s ofapoptotic cels.
Cardio myo cyte sw e r e e xpo s edtoH202fo r2 hou rs･ Apoptotic c ells we re a s s e ss edbyS C C/F S C
lights c atte r, PIstaininga ndarm e xin V /PI do uble-staininga s afractio n of R 2(lo wFSC),R 4
(dim stainingofPI)a ndR 9(anne xin V-po sitiv e/PI-n egativ e), r espe ctiv ely. Nu cle ar
m orphologyofc ardio myo cytes stained with Ho e chst33342sho w s apoptoticfe atu re s of
chr om atin c o nde n s atio n and n u cle arfr agm entatio n･(B)Su m m ariz ed･dataforH202-indu c ed
apoptotic c ell de ath･ Data r epr e s e nt m e a n 土SE Mof5-11e xperim e nts.
*P<0.OI vs. c o ntrol
sister c ultu r e.
Fig･ 3･ Tim e-c o u rs e s ofchangein H202-induc ed apoptotic c ellde ath and A V loss inprotocol.
Apoptotic c ell de ath w as m e a su red byS S C/F S Cdotplot(uppe rp an el)and lo ss of A Vw as
m e as u r ed byRh-123 Au o re s c e n c eintensity(lo werpa n el), re spe ctiv ely･ Each datapointisthe
m e anj= S E Mof4-12e xperim ents.
*P<0.01vs, c ontr olsister c ulture.
Fig･ 4･ Repr ese ntativeS S C/F S C dotplots, Rh-123/PIdotplots, and histogr a ms of R h-123
nuo r e sce nc e obtain edfr o m site r c o ntrol(uppe rpanels), c ardio myo cyte s e xpo s edtoH,0,fo r2
ho urs(middlepa n els), and c a rdio myo cytespretr eated with dia z oxidebefo r e expo s ureto H202
H -010 73-2 002/R 2 王chino s e etal.
,
Page21
(lo w erpanels)･ The v ertic aldashed lin ein e ach histogr amindic atesthepo sitio n ofthe m ean
inte n sityofR h-123 nu o r esce n c e.
Fig･ 5･ S um m ariz edeffe cts ofdia z o xide, 5-hydr o xyde c a n o ate(5 H D)and H M R1098(H M R)
onapoptotic c ell de ath and lo s s of A V indu c ed bye xpo s u reto H202for2 ho u rsinpr oto c ol.
Data repr e s erlt m e an土 S E Mof 11- 5experim ents andare expr e seda s aperc e ntage ofco ntr oI
sister c ultu re. *P<0･01vs･ sister contr ol, # P<0･01v s･ H202gr O uP･
Fig･ 6･ Tim e-c o u rs eofchangein A V duringapplic atio n of dia z o xide and/o r5 H D, a nd 2 ho u rs
alter e xpo s u r etoH202･ Dia z o xide a nd/o r5 H Dw a s applied fo r30minpn o rto H202 e xpo s u r e.
D ぬ r epr e s e ntm e a n土 S E Mof5experim e nts a ndar e xpr e ss eda spe rc e ntage s ofc o ntrolsister
c ultu r e. *P<0.05 vs. siste r c o ntrol.
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